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 The mechanics of tool-based micromachining is significantly different from 
that of conventional-macro machining due to the tool edge radius effect. Such effect 
arises in micromachining as the micron-scale undeformed chip thickness approaches 
the size of the tool edge radius of several microns. A predictive cutting model that 
assumes a perfectly sharp cutting edge yields reasonable agreement with 
experimental results in conventional-macro machining. But such an assumption is 
not valid in micromachining under the governance of the tool edge radius effect. 
This phenomenon is especially profound in metallic materials, but its operating 
mechanism is not fully understood at present.   
 
 This thesis presents a fundamental modeling study of the tool edge radius 
effect in tool-based micromachining. Through an advanced finite element modeling 
technique based on the arbitrary Lagrangian-Eulerian method, such effect is 
quantified as the relative tool sharpness a/r, the ratio of undeformed chip thickness a 
to tool edge radius r. The analysis was performed concurrently on both tool-chip 
tribology and plastic deformation, as the main physical phenomena in metal 
machining.    
 
  Findings of this study have revealed that the flow stagnation phenomenon 
during material separation could be driven by the counterbalance of frictional shear 
contact components on the tool edge radius, with a constant stagnation point angle 
under different machining conditions. A contact model for micromachining was 
proposed following the identification of three distinctive sticking and sliding regions 
along the tool edge radius. With this contact model, the tool wear phenomenon of 
‘edge-radiused’ cutting tools was reasonably elucidated.  
 
  Furthermore through the decrease of a/r from the above to below unity, 
transitions in chip formation behavior were encountered. Material deformation 
became increasingly more localized ahead of the rounded tool edge due to the effect 
of tool edge radius on the contact length, which resulted in an increase of 
            
 vii
deformation intensity. At a critical a/r threshold below unity, the chip formation 
mechanism transformed from concentrated shear deformation to a thrust-oriented, 
extrusion-like behavior alongside the formation of an effective negative rake angle. 
The extrusion-like mechanism was found to operate under severe deviatoric stress 
alongside intense compressive stress and hydrostatic pressure as governed by the Le-
Chatelier's Principle. Thus the formations of continuous chip through such a 
mechanism would prevent micro-void nucleation in the primary deformation zone 
and produces high quality surface finish comparable to that in surface grinding.  
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Figure 8.34 Grinding chip produced by an abrasive grain (after M.E. 
Merchant and Kalpakjian, 2005) which resembles the 
characteristics of CAT-II extrusion-like mechanism in tool-
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Market Drivers  
 
The market demand for precise, small-scaled devices and fine intricate 
features on big/small parts has been growing tremendously in recent years (DedPro 
Inc., 2005). For most cases, the initiative for product miniaturization is aimed to 
reduce weight, to incorporate more functions and to improve reliability. While some 
other cases are driven by global anticipation for greater portability and higher 
efficiency in energy consumption in various commercial and non-commercial 
products.    
 
In this regard, the manufacturing of high precision miniature parts for 
medical devices is among the most active industrial segment. The biomedical 
industry is constantly striving to develop complex devices that are less invasive to 
human bodies, either for implantations or other surgical applications. Besides that, 
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many more industries are also driving more miniaturization efforts in product 
innovations. Aerospace companies are searching for solutions in advanced fasteners, 
fittings, sensors and flow-control devices while the automotive industry demands 
small motors and actuators for the development of entertainment and safety devices, 
complex fuel injection and control elements. Furthermore, other sectors such as 
die/mold, power generation, electronics, jewellery, hydraulic/pneumatic, fluidic, 
optical, communications, etc. are also seen to be gaining more interest in complex 
miniaturized products with intricate functional features. Nevertheless, such market 
trends have posted greater challenges on the current microfabrication technologies.  
 
For such specialized applications, non-conventional techniques such as 
chemical etching, optical lithography, laser processing, etc. are not suitable in 
processing high strength metallic materials or difficult to implement on a simpler 
‘shop-floor’ basis due to the usages of highly toxic chemicals. Moreover, some of 
these techniques that involve cumbersome procedures and complex infrastructures 
are not cost effective for small- and medium-scale productions.  
 
Thus micromachining based on conventional tool-based machining 
principles appears to be a promising technique among the commercialized 
technologies available (Weck et al., 1997). In particular, it is a cost effective solution 
for prototype testing and small/medium batch productions of metallic materials. 
Prototypes are directly machined from bulk materials while miniature mold 
inserts/die sets created from micromachining could produce components in batches 
through injection molding. For both cases, miniature parts and fine intricate features 
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of high dimensional accuracy are generated at lower costs and greater flexibilities 
than non-conventional techniques with the use of geometrically-defined cutting tools.  
 
Coupled with advanced actuation systems, various kinds of machining 
features could be produced on metallic materials, through a single generic operation 
such as turning, milling or drilling and/or their combinations. These common 
features include micro-trench (Friedrich and Vasile, 1996), micro-pattern (Takeuchi 
et al., 2002), micro-shaft (Rahman et al., 2005), micro-hole (Imran et al., 2008), 
micro-groove (Takeuchi, 2006) and micro 3D features (Sasaki et al, 2004). With 
these capabilities, tool-based micromachining has thus become increasingly 
important in microfabrication (Takács et al., 2003).      
  
For instance, Schmidt and Tritschler (2004) have demonstrated the use of 
tool-based micromachining in creating microstructures with high geometric 
complexity and sharp edges on steel materials. But it was also conceded by Schmidt 
and Tritschler (2004) that the lack of understanding of the minimum cutting depth 
was substantial that might have hindered further advancements of the process. In 
addition, various other aspects such as optimum operating conditions, tool wear and 
failure modes, machining performance and quality, etc. that are derived from the 
mechanics of chip formation remain unclear. This is important as successful 
implementation of micromachining rely on its optimized operating condition which 
is dependent on the understanding of its fundamental mechanism and behavior.  
 
Tool Edge Radius Effect 
 
Introduction           
 4
As a dimensionally scaled-down machining process, the mechanics of tool-
based micromachining is governed by the tool edge radius effect. Such effect arises 
when the undeformed chip thickness, a is comparable to the size of the tool edge 
radius, r at fine magnitudes of material removal. For WC-Co tools, r is governed by 
technological limitations of the sintering technique and the size of carbide grains 
(Shaw, 2005) where the production of perfectly sharp cutters is practically 
impossible. Although diamond tools with extreme edge sharpness are commercially 
available, WC-Co tools remain irreplaceable due to their superior properties in 
strength, wear, impact and most importantly being chemically compatible with 
ferritic materials at elevated temperatures. When high strength materials are 
subjected to machining, the tips of cutters are commonly strengthened with rounded 
curvatures through edge honing for the prevention of premature tool failures.     
 
In this regard, the great size difference between undeformed chip thickness 
and tool edge radius distinguishes tool-based micromachining from conventional 
macro-machining. Thus, it is generally accepted that the theories of conventional-
macro machining are not entirely applicable in micromachining including the shear 
plane model of Ernst and Merchant (1941) which is dependent on the assumption of 
perfect edge sharpness. Such crucial assumption might be acceptable in the 
modeling of conventional-macro machining as the undeformed chip thickness a is 
very much larger than the tool edge radius r, by at least three orders of magnitude. 
But as a approaches r in micron scale, the same assumption does not hold true for 
micromachining. One obvious example is the incapability of the shear plane model 
in explaining the exponential increase of specific cutting energy at reducing 
undeformed chip thicknesses, known as the size effect in metal cutting.  
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Although size effect is claimed to be attributed to a number factors including 
subsurface plastic flow (Nakayama & Tamura, 1968), strain inhomogeneity (Shaw, 
1980), extensive plastic deformation (Moriwaki & Okuda, 1989), material plowing 
and elastic recovery (Lucca et al. 1991) and strain gradient (Liu & Melkote, 2004).  
Close examinations of the down-scaling process suggests that the size effect and 
many other process characteristics are governed by the tool edge radius effect. But 
research interest on such effect was not encouraging in the past because the tool 
edge radius effect is not significant in conventional-macro machining when a is very 
much larger than r. But it could no longer be ignored in micromachining as the 
magnitudes of a and r are comparable. Indeed, it was approximated by Zorev (1966) 
that the tool edge radius effect is significant when r is greater than 1/10 of a. 
 
 In this regard, Masuko (1956) and Albrecht (1960) were among the pioneers 
in the investigations of tool edge radius effect on chip formation and cutting forces. 
Subsequently Bitans and Brown (1965) claimed that plastic deformation was 
governed by tool edge radius effect where thicker shear zones were attributed to 
larger tool edge radius. While Nakayama and Tamura (1968) determined that the 
variations in subsurface plastic deformation were due to a simultaneous shear zone 
extension and shear angle reduction as governed by tool edge radius. At critical 
cutting depths, Basuray et al. (1977) reported an irregular increment of normal and 
tangential force when large edge radii were used due to non-uniform displacement 
of work material. Moriwaki and Okuda (1989) found that the increase in specific 
cutting resistance was driven by the dominance of plastic deformation rather than 
sheared-cutting. Additionally, experimental and molecular dynamics simulation 
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studies as reported by Komanduri et al. (1997), Fang et al. (2005) and Li et al. (2007) 
revealed great influences of tool edge radius effect in ductile mode machining of 




  It should be noted that investigations on the tool edge radius effect in the past 
was approached from limited angles. Indeed, the contact phenomenon alongside the 
interrelationships between material deformation and tribological phenomena under 
the governance of tool edge radius effect has never been evaluated to a satisfactory 
extent. The influences of such effect on the contact phenomenon can be seen during 
initial material separation which involves the flow of material around the tool edge 
radius as the work material is compressed and piled up ahead of the cutting tool 
(Yuan et al., 1996). The importance of this aspect is reflected from the variations in 
contact behavior along the rake face, tool edge radius and clearance face of the 
cutter as the tool-chip contact length is constantly developed, which would in turn 
affect the loading conditions along the contact interfaces, the corresponding material 
deformation and thus the characteristics of chip formation behavior. Such a 
phenomenon will not be encountered if perfect edge sharpness is assumed as the 
responses of contact and deformation activities will be linear, being solely governed 
by the magnitudes of undeformed chip thickness and tool rake angle.    
 
To quantify the effect of tool edge radius, the governing process parameter in 
micromachining should thus be the ratio of undeformed chip thickness to tool edge 
radius, a/r. Indeed a/r is known as the relative tool sharpness (Outeiro and Astakhov, 
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2005) because sharpness in this context is a relative parameter between tool edge 
radius and undeformed chip thickness. Based on this recognition, a FE model for 
tool-based micromachining based on the arbitrary Lagrangian-Eulerian (ALE) 
method was proposed for a wide range of a/r and other process parameters.  
   
The main purpose of this study was to determine the influences of tool edge 
radius effect on the mechanics of chip formation in micromachining. Firstly, 
qualitative and quantitative evaluations of the contact phenomenon and the 
characteristics of tribological activities were carried out. Following that, the findings 
on the contact phenomenon were interrelated with the conditions of chip formation 
behavior at different a/r. Although the characteristics of micromachining are 
different from its conventional-macro counterpart, it is believed that the two 
physical activities in metal cutting (Childs et al., 2000) namely: i) plasticity (Tresca, 
1878); and ii) tribology (Mallock, 1881-82) remain governing in micromachining.   
 
A more complete fundamental study of the mechanics of chip formation in 
micromachining should be approached simultaneously from the aspects of plasticity 
and tribology as a whole. For instance, the establishment of secondary deformation 
zone is governed by the magnitude of tool-chip contact length on the tool rake face 
which influences the intensity of plastic deformation during the process. This is due 
to the transmission of major external loading from the cutting tool along the tool-
chip contact interface. Through such an approach, changes in the mechanics of 
micromachining with the variations in a/r could be effectively clarified from the 
possible changes in the corresponding conditions of tool-chip tribology and material 
deformations. Subsequently more practical aspects such as tool wear and failure 
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modes, machining force distribution, varying degrees of finishing quality, etc. could 
then be clarified through fundamental understandings.           
 
 
1.2 Scope and Objectives 
 
 This study was intended to elucidate the tool edge radius effect on the 
mechanics of tool-based micromachining, through an approach which emphasizes 
on the concurrent evaluation of tool-work tribological activities and plastic 
deformation conditions. Tool edge radius effect was quantified with a/r as defined 
by a constant range of undeformed chip thicknesses, a: 2 µm to 20 µm and two 
levels of tool edge radii, r: 10 µm and 5 µm that yield a wide range of a/r from 0.2 
to 2.0 for r = 10 µm and 0.4 to 4.0 for r = 5 µm, respectively.  
 
With the wide range of a/r, the behavioral changes in micron-scale chip 
formation were evaluated in conjunction with different magnitudes of tool rake 
angle and cutting speed. A more in-depth understanding of the tool edge radius 
effect could then be derived from the evolving chip formation characteristics in the 
process of producing a continuous chip. It should be noted that experimental method 
is limited in fundamental research of this sort due to the fine magnitudes of material 
removal involved, which greatly increases the difficulty and cost in extracting 
fundamental data from fine deformation zones. With the availability of advanced 
computing technology, finite element analysis based on the arbitrary Lagrangian-
Eulerian (ALE) method appears to be a more viable and cost effective solution.  
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In the modeling of tool-based machining, chip formation should be driven 
through the impositions of severe plastic flow instead of ductile fracture. The 
introduction of cracks along the cutting plane to achieve the chip formation through 
chip separation criteria resembles the process of splitting bamboo or firewood. It is 
not even realistic in machining ductile metallic materials like steel at conventional 
scale. This was elucidated by Roth and Oxley (1972) through slip-line field analysis 
where the hydrostatic stress around the cutting edge is highly compressive as shown 
in Figure 1.1. This compressive component would not lead to crack formation and 
then ductile fracture in machining (Madhavan et al., 2000).    
 
 
Figure 1.1. Hydrostatic stress distributions along the shear plane in conventional machining 
of metallic materials. (after Roth and Oxley, 1972)    
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 Although cracks could still form randomly due to in-process chatter vibration 
during machining and severe deformation around second-phase particles or 
impurities, but it is certainly not the main mechanism behind the mechanics of chip 
formation. Especially in micromachining where more intense compressive stress is 
imposed by the rounded edge curvature of the tool, crack formation could even be 
further suppressed. As plastic flow is more dominant than crack formation, the ALE 
method is a more appropriate numerical formulation in modeling the physical 
phenomenon of tool-based micromachining.  
 
 Based on these understandings, the objectives of this study are as follows: 
 
• Novel development of a micromachining model using the arbitrary 
Lagrangian-Eulerian (ALE) method with realistic deformation 
behavior and micron-scaled cutting depth sensitivity.  
 
• Proposal of an ultraprecision machining setup with minimal influence 
of chatter-vibrations and coupled with a deterministic high-speed and 
small field-of-view photography technique.   
   
• Elucidation of the contact phenomenon and tribological 
characteristics in tool-based micromachining during material 
separation, chip flow and the evolutions of tool-chip contact lengths.  
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• Proposal of a contact model for tool-based micromachining which 
could help in explaining the tool wear mode of ‘edge-radiused’ 
cemented tungsten carbide cutters. 
 
• Characterization of the transitional plastic deformation behavior 
during chip formation in the primary deformation zones alongside the 
distributions of deformed chip thickness. 
 
• Establishments of quantitative relationships among tool-chip contact 
length, deformed chip thickness and machining forces which 
indicates the transformation of chip formation mechanism. 
 
• Evaluations on the activating criterion and characteristics of the 
extrusion-like chip formation mechanism and its impact on the 
finishing quality in tool-based micromachining.     
   
 
1.3 Thesis Outline 
 
 With these distinguishable objectives, the following eight chapters of this 
thesis are organized according to the respective purposes listed as follows: 
 
• Chapter 2 provides a literature review on the tool edge radius effect 
in metal machining. Various aspects such as specific cutting energy, 
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chip formation mechanism, surface generation, minimum chip 
thickness and contact phenomenon are discussed. Historical evolution 
of using FEM in machining studies is also included.   
 
• Chapter 3 discusses the working principle of the ALE method and its 
mathematical descriptions of its kinematics, deformation behavior, 
contact characteristics, heat generation and conduction. The 
configuration of the ALE-FE model for micromachining is discussed.   
 
• Chapter 4 is focused on the experimental verification of numerical 
results, through a series of customized machining experiments.  
Quantitative comparisons between the experimental and numerical 
findings are reviewed.  
 
• Chapter 5 explores the contact phenomenon in micromachining 
which covers material separation and frictional shear contact, the 
relationships between stress distributions and sticking/sliding regions, 
the characteristics of contact length development and the tool wear 
phenomenon of ‘edge-radiused’ cutting tools.  
 
• Chapter 6 is concentrated on the transitional behavior of chip 
formation and plastic deformation and the characterizations of plastic 
deformation intensity in the primary deformation zone (PDZ) is 
characterized from its thickness, width and depth. 
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• Chapter 7 presents a non-dimensional analysis of the tool edge radius 
effect which evaluates the responses of normalized process variables 
towards the variations in a/r. Discussions on the interrelationships 
among the three process variables that could have led to the 
extrusion-like chip formation mechanism are provided. 
 
• Chapter 8 is focused on the sensitivity and behavior of the extrusion-
like chip formation mechanism through the analyses of nodal 
displacement vectors and various stress distributions. The 
relationships among shear stress, boundary of elastic-plastic 
deformation, the role of compressive stress and the Le-Chatelier’s 
Principle, are separately discussed. The evolution of surface 
roughness produced is demonstrated. 
 
• Chapter 9 concludes the significant findings in each chapter and 
interrelates these findings among the tool-chip tribological activities, 
the conditions of material deformation, the transformation of chip 
formation mechanism and the practical aspects such as the tool wear 
mode of ‘edge-radiused’ cutters, the differences in resultant surface 
finishing quality with the variations in a/r and the distributions of 
machining forces.                  
 Chapter 2 




Investigations of the influence of tool edge radius effect have been attempted 
in the past through experimental studies, process simulations, pure theoretical 
speculations or combinations. Previous contributions to the understanding of such 
effect on cutting force/energy, chip formation mechanism, contact phenomenon, 
surface finish and minimum undeformed chip thickness are reviewed in this chapter.  
 
 
2.1 Specific Cutting Force and Energy 
 
The effects of tool edge radius on cutting force was first identified by 
Masuko (1953) and subsequently validated by Albrecht (1960) in a separate 
experimental study. Through the machining of aluminium alloy and carbon steel, 
Masuko (1953) discovered that the cutting force consisted of the chip formation 
component as well as an indentation component which arose by the tool edge radius 
as shown in Figure 2.1. The extrapolation of cutting force to zero undeformed chip 
thickness showed the magnitude of the indenting action.  
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Figure 2.1. (a) Indentation force, Rn and resultant force, Rc induced by induced by tool 
radius and tool face respectively. (b) Differences in power, FP and feed components, FQ 
with undeformed chip thickness in cutting force. (after Masuko, 1953)      
 
In this regard, Finnie (1963) claimed that the indentation effect was not 
significant when material was removed at several millimeters but conceded that such 
effect could become increasingly important in grinding process. Malkin (1975) later 
discovered that high energy close to the specific melting energy was required for 
chip formation in grinding. Indeed, Nakayama and Tamura (1968) encountered a 
non-linear increase in specific cutting and thrust forces at reducing cutting depths in 
micron-scale. The authors attributed such phenomenon to the tool edge radius effect 
through the extension of shear zone and the decrease in shear angle. Abdelmoneim 
and Scrutton (1974) recognized the importance of tool edge radius under a unique 
condition of a ≤ r (1 + sin γtool) which was validated by Taminiau and Dautzenberg 
(1991).  
 
At a critical depth of cut, Basuray et al. (1977) claimed that non-uniform 
material displacement resulted with large r which led to irregular increment of 
machining forces. Subsequently, through molecular dynamics simulation, 
Komanduri et al. (1988) justified that tool edge radius is negligible in conventional 
cutting but not for nanometric cutting where specific cutting energy increased 
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rapidly with the reductions in a and by keeping constant a/r ratio. From orthogonal 
fly cutting experiments, Moriwaki and Okuda (1989) reported that the dominance of 
plastic deformation rather than sheared-cutting was the main cause for the increased 
of specific cutting resistance. While Lucca et al. (1991) pointed out material plowing 
and flank face rubbing due to elastic recovery were the main causes as shown in 
Figure 2.2. These experimental observations agree well with those of finite element 
analysis as reported by Moriwaki et al. (1993) and Kim et al. (1999).  
 
 
Figure 2.2. Exponential increment in total specific energy with fine reductions in 
undeformed chip thickness. (after Lucca, 1991)   
 
In another orthogonal flycutting study of Te-Cu, Lucca and Seo (1993) 
reported the great influences of tool geometries on the resulting forces and energies. 
When the tool edge radius was larger than the undeformed chip thickness, Lucca et 
al. (1994) found that the resultant force shifted gradually from the cutting direction 
to the thrust direction with the reduction of undeformed chip thicknesses. Moreover, 
Shaw (1995, 1996) claimed that heat generated from concentrated shearing in 
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cutting would be carried away by the chips while micro-extrusion in grinding would 
retain heat in the work, which influenced the energy dispersion. Through finite 
element analysis with strain-gradient effect, Liu and Melkote (2006, 2007) 
concluded that strain-gradient hardening was the main factor for non-linear 
increment of specific cutting energy in micromachining.  
 
 
2.2 Chip Formation Mechanism 
 
Observations based on experimental and modelling studies indicated the 
significance of tool edge radius effect on the mechanics of chip formation, 
irrespective of changes in cutting depth, rake angle and material property. Bitans and 
Brown (1965) reported that plastic deformation was governed by rake angle and tool 
edge radius where thicker plastic shear zone was found with larger rake angles and 
tool edge radius. According to Ikawa (1991a), the existence of a third deformation 
zone between the machined surface and clearance face was believed to be caused by 
the elastic recovery of the machined surface with the decrease of a/r. In the 
machining of zinc, Schimmel et al. (2002) claimed that the shear zone was modified 
by the tool edge curvature and thus the trend of force distribution was modified.  
 
Four regions of contact stress were identified by Kim and Kim (1995) on the 
rake face, clearance face, along the tool edge and across the material deformation 
zone. From atomic-based simulations, Inamura et al. (1993) found that the tool-work 
contact areas were highly strained in the four aforementioned regions but 
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concentrated shear stress in the primary deformation zone was absent. It was 
deduced that chip formation could be due to plastic flow rather than shearing. With 
this observation, Inamura et al. (1994) believed that the deformation mechanism was 
a kind of buckling deformation when the area was highly compressed. This was 
confirmed by Puttick et al. (1989) in the productions of crack-free surfaces on glass 
at undeformed chip thicknesses smaller than the critical value.  
 
More recently, Fang et al. (2005) proposed a new model of chip formation in 
the ductile mode machining of silicon wafers based on extrusion rather than shearing. 
Similar claims were also made by Shaw (1972) in explaining the mechanism of 
grinding. The downward-translational action of the grains would create a plastic 
deformation zone beneath the machined surface until a critical stress condition was 
reached where chip was produced through micro-extrusions. Shaw (1980) further 
suggested that the normal stress on the shear plane and the ductility of workmaterial 
would govern plastic flow through the control of crack formation. Tensile stress 
would promote crack growth and vice versa, while the material was highly strained 
before escaping as chips with pressure welds. Indeed, micro-extrusion was highly 
plastic flow dependent where brittle materials could be deformed plastically with 
strain hardening under high hydrostatic pressure as revealed by Bridgman (1953).  
 
Therefore, the claim of material separation driven by ductile fracture 
(Subbiah and Melkote, 2008) ahead of the tool edge radius could have been misled 
by SEM micrographs of the chip root region generated with a spring-operated quick-
stop device on a conventional CNC machining centre. As shown in Figure 2.3, the 
features of ductile tearing could be induced by chatter-vibration arisen from these 
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unrigid machining elements and the rapid retrieval of cutting tool from the chip root 
region that do not reflect the true phenomenon during micromachining.     
 
 
Figure 2.3. SEM micrographs of chip root region produced with a spring-operated quick-
stop device on Al2024-T3, a = 37 μm and r = 38 μm. (after Subbiah and Melkote, 2008)  
 
 
2.3 Surface Finish  
 
The effect of tool edge radius on surface quality has been an on-going 
research. Ideally, materials should be removed with minimal post processing. 
Findings from the literature revealed successful applications of micromachining on 
ductile materials and hard-brittle materials with crack-free finishing quality.  
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In the micromachining of Cu, Shimada et al. (1993) found that surface 
roughness and subsurface deformed layer increased with tool edge radii. In another 
molecular dynamics study, Shimada et al. (1994) found that the distorted atoms of 
monocrystalline Cu reorganized perfectly after material plowing, but not for 
polycrystalline Cu. It was due to the trapping of dislocation in the grain boundaries 
of polycrystalline materials as supported by the findings of Inamura and Takezawa 
(1992). Furthermore, Lucca et al. (1994) reported that the depth of plastic layer was 
governed by r rather than a. Also in Al alloys, Yuan et al. (1996) reported that 
smaller tool edge radius would produce a smoother machined surface with minimal 
changes in residual stress. Vogler et al. (2004) also encountered such a phenomenon 
in micro-end milling and proposed a predictive model as shown in Figure 2.4. 
 
 
Figure 2.4. Influences of feedrates and tool edge radii on surface roughness (measurements 
and predictions) for ferrous materials. (after Vogler et al., 2004)  
 
Son et al. (2005) found that that best possible surface quality was produced 
at minimum cutting thicknesses. Surface hardening decreased with a up to the 
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minimum cutting thickness while further decrease would introduce residual stress 
and surface hardness. In micro- and nano-scale cutting of Al 7075-T6, Ng et al. 
(2006) found that surface roughness was higher under the condition where a is 
greater than r. The authors attributed such results to plowing which causes materials 
sideflow and displacement ahead of the tool edge radius.   
 
 On the other hand, the role of tool edge radius is evident in the machining of 
hard and brittle materials. Crack-free machined surface could be produced under 
suitable machining conditions commonly known as ductile mode machining with the 
application of a below the critical value. As reported by Puttick et al. (1979), 
fracture free indentations and scratches on brittle materials could be achieved under 
certain tensile strain energy criterion and the role of high pressure at the tool edge in 
this aspect is important. Kim (1996) explained that the intensity of stress and the 
directions of crack propagations were influenced by the edge radius and its loading 
on the machined surface. Nevertheless, it was also claimed to be affected by the 
effective negative rake angles.  
 
In ductile machining of silicon, Komanduri (1971) claimed that chips were 
produced with high negative rake of -75˚ and small depths of cut where plastic 
deformation ahead of the tool edge radius was promoted. Instead, Fang and 
Venkatesh (1998) claimed that 0˚ rake tools could yield better surfaces on silicon 
and optical glass than -25˚ rake tools due to the sufficient hydrostatic stress resulting 
from the effective negative rake angles. Patten and Gao (2001) produced smooth 
machined surface without fracture at a small depth of cut (5 nm) with tool rake 
angles of -30˚ to -45˚ and clearance angle of 5˚. According to Fang and Zhang 
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(2003), the absence of ductile cutting was encountered as the effective rake angle 
became extremely negative close to -90˚. In this regard, Arefin et al. (2004) reported 
that the tool edge radius must be smaller than the critical undeformed chip thickness. 
In the assessment of surface finish produced with different tool edge radiii and 
varying undeformed chip thicknesses, only a narrow combination of both factors 
would yield a crack-free machined surface as shown in Figure 2.5.  
  
Moreover, the importance of tool edge profile in nanoscale ductile mode 
cutting was recognized by Li et al. (2005). Experimental study in this area revealed 
that the increase of the cutting edge radius would promote ductile mode chip 
formation and facilitate nano/micro grooves on the flank face. Generally, the 
published findings as discussed above provide a greater scientific explanation on the 
pioneering work of Blake and Scattergood (1990) and Bifano et al. (1991). 
   
 
Figure 2.5. Varying machined qualities on silicon wafers at different combinations of 
undeformed chip thicknesses and tool edge radii. (after Arefin et al., 2004)  
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2.4 Minimum Undeformed Chip Thickness 
  
The smallest magnitude of a where a continuous chip is produced is 
substantially governed by the tool edge radius. In face turning of electroplated 
copper with diamond tools, Ikawa et al. (1991b) discovered that the minimum a was 
1/10 of r. Through MD simulation, Ikawa et al. (1992) revealed the generation of a 
rough surface when copper was removed below the minimum a. Shimada et al. 
(1993) applied a similar MD simulation technique but encountered the best surface 
finishing at the minimum a of 1/20 of r.  
 
In the study of tool-work friction coefficient effect on minimum a, Yuan et al. 
(1996) reported that the minimum a was within 1/4 – 1/3 of r, ranging from 0.2 µm 
– 0.6 µm for Al alloys. It was found that smaller tool edge radius would enable 
smaller order of cutting depths for diamond tools as substantiated by an analytical 
model. Subsequently, Son et al. (2005) extended the experimental investigation in 
this area to pure Al, Te and Cu where finer a could be generated with smaller r and 
higher friction coefficient to warrant the best surface finishing. The magnitude of 
minimum undeformed chip thickness was found to vary for different work materials.            
      
More recently, Weule et al. (2001) examined the minimum a in the micro-
endmilling of steel and determined it to be 1/3 of r. The trend of surface roughness 
and saw-tooth-like surface topography were believed to be related to minimum 
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undeformed chip thickness, cutting velocities and material properties. Vogler et al. 
(2001) observed the influence of minimum a through the identification of a peak 
periodic force component at 1/3 of the actual cutting frequency under constant small 
feed rate condition. The authors explained that material would pile up through 
multiple tool passes until a certain thickness greater than the minimum value and 
then the production of a chip would occur.  
 
In this regard, Kim et al. (2002) reported that the measured chip volume was 
much larger than the nominal chip volume and the pitch of feed mark was larger 
than the feed rate where both aspects indicated that chips did not form in every tool 
pass. These findings were supported with a mechanistic modeling study by Kim at al. 
(2004) and a FE modeling study by Lai et al. (2008).  
 
Through a microstructure-level FE modeling, Vogler et al. (2004) identified 
that ductility could govern the magnitude of minimum undeformed chip thickness 
for a given work material. Moreover, Liu et al. (2004) found that the cutting and 
thrust forces increased rapidly when the magnitude of material removal in steel was 
greater than the minimum undeformed chip thickness compared to that above the 
minimum value. As shown in Figure 2.6, the transition between the two regimes was 
signified with a sudden peak in thrust force where it was attributed to the shift from 
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Figure 2.6. Relationships between cutting forces and chip loads. (after Liu et al., 2004) 
 
 
2.5 Contact Phenomenon 
 
 The effect of tool edge radius on the contact phenomenon can also be seen 
from material flow around the tool edge radius when the work material is 
compressed and piled up ahead of the cutting tool (Yuan et al., 1996) during 
material separation (Palmer and Yeo, 1963). The understanding of contact 
phenomenon under such effect could thus help in designing an efficient cutting 
process with minimal tool wear (Astakhov, 2006).  
 
 Indeed, the importance of the tool-chip tribology in metal machining was 
recognized following the publication of Mallock’s work (Mallock, 1881-82) in the 
nineteenth century. Subsequently, Zorev (1963) proposed that the tool-chip contact 
was consisted of a sticking region and a sliding region with comparable length. Later, 
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Zorev (1966) discovered that the influences of rake angle and cutting speed (> 0.3 
m/min) on the total contact length and mean shear stress were insignificant 
compared to undeformed chip thickness for steel materials due to the mutual 
compensating effect of temperatures and strain rates. These findings (1966) were 
supported by Poletica’s study (1969) where the trend of contact stress distribution 
was similar for a wide range of cutting conditions and a vast variation of tool-work 
materials properties. However, Friedman and Lenz (1970) pointed out the 
importance of tool materials on tool-chip contact length instead.  
 
With the application of a special tool with restricted contact length (Usui and 
Takeyama, 1958) and photoelastic technique (Usui and Takeyama, 1960), the 
maximum shear and normal stresses were found near the cutting edge. The stresses 
became stable in the subsequent contact length at a lower magnitude and decreased 
exponentially to zero at the chip separation point. But Chandrasekaran and Kapoor 
(1965) reported that maximum shear stress was approximated to the shear strength 
of work materials and remained constant along the contact length. This was 
supported by the study of Kato et al. (1972) where the spilt-tool method was used in 
the machining of hardened materials. On the other hand, Amini (1968) found that 
the normal and shear stresses decreased non-linearly from the cutting edge to the 
chip separation point. While Barrow et al. (1982) encountered that the maximum 
shear and normal stresses were influenced by cutting conditions and comparable in 
magnitudes. But Bagchi and Wright (1987) deduced that the influence of cutting 
condition on contact stresses was insignificant through the machining study of steel 
and brass using photoelastic sapphire cutting tools. With the use of experimental 
slipline field method, Arsecularatne (1997) studied the plowing effect and contact 
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stress distributions and reported uniform contact stress on the rake face but 
concluded with an unexplained singularity at the chip separation point. Similar 
analytical technique was used by Toropov and Ko (2005) in the prediction of tool-
chip contact length which has led to their proposal of a universal solution of contact 
length model.   
 
 The selected prominent studies indicate inconclusiveness of the contact 
phenomenon in conventional machining (Toropov and Ko, 2005). Despite the 
complex nature of the present subject, the drawbacks of the methods used in the past 
are significant. For example, the limitations of the experimental slip-line field to low 
cutting speeds (Roth and Oxley, 1972) and the assumptions of simple shearing 
(Astakhov, 1998), chip curvature and tool-chip contact length (Astakhov, 2006) are 
inadequate for the study of micromachining. Moreover, Barrow et al. (1982) also 
emphasized the incapability of photoelastic technique in evaluating contact stress 
near the cutting tip due to isochromatic fringe distortions. While Astakhov (2006) 
questioned the practical usefulness of photoelastic technique as the maximum 
allowable cutting speed is several orders lower than the normal operating speed due 
to the low hot hardness of the cutting tools. Although the photoelastic technique was 
improved by using transparent sapphire tools for direct observations of contact 
length (Doyle et al., 1987) and stress analysis (Bagchi and Wright, 1987), it was 
believed that the same observations may not be encountered when conventional tool 
materials are used (Sutter, 2005).  
 
 Moreover, limitations of the split-tool method for the study of contact 
phenomenon at the cutting edge are also evident. Split-tool method measures normal 
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and friction force (contact stresses) on the rake face which is divided into two parts 
when chip flow extends onto the rake face (Trent, 1977). However, the existence of 
a gap between both the tool elements with the size of 20 µm (Childs et al., 2000) is 
not feasible to assess the machining phenomenon adjacent to the fine chip root 
region of several microns (size of tool edge radius). Besides, splitting of the cutting 
edge in microscopic level is practically impossible as premature tool failure and 
reductions in dynamometer stiffness are resulted.   
  
 The greatest shortcoming of using quickstop technique in micromachining 
lies in the vibrations introduced to the cutting process. As material is removed at the 
micron-scale, the rigidity of this machine component is a fundamental requirement 
that warrants machining accuracy. Unfortunately, such dynamic issues and 
properties were not addressed in previous studies (Williams et al., 1970), (Jaspers 
and Dautzenberg, 2002), (Subbiah and Melkote, 2007), etc. Indeed, it was correctly 
pointed out by Sutter (2005) that the retraction of cutting tool is not truly 
instantaneous as the contact is still maintained for some distance at rapidly 
decreasing speed.  
 
 
2.6 Finite Element Method in Machining Simulation 
 
The purpose of scientific research on tool-based machining as discussed 
above was to yield better understanding of the machining behavior and quality. 
Despite traditional experiments, the ‘scientific’ way of understanding machining 
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behavior is usually performed through process modeling and simulation. Common 
process modeling and simulation approaches are analytical methods, empirical 
methods, mechanistic methods and numerical methods (Ehmann et al., 1997).  
 
Based on a survey of 55 major research groups dated in 1996-97, the CIRP’s 
Working Group on Modelling of Machining Operations reported that 43% of the 
research groups were focusing on experimental or empirical modelling, 32% were 
active in analytical modelling while 18% were involved in numerical modelling with 
finite element method (van Luttervelt et al., 1991). But the growing popularity of 
finite element method applications in machining research was well indicated after 
the publications of two bibliographical reviews on journal papers, conference 
proceedings and dissertations by Mackerle (1999, 2003) where 675 references 
within 1976 to 1996 and 372 references within 1996 to 2002 were documented.  
 
Through the review of previous reports, it was realized that previous research 
efforts emphasized on the development of more advanced finite element techniques 
for machining applications. This is mainly due to the unavailability of accurate 
solution methods and frictional, material models (Childs et al., 2000) at that time. 
Therefore, finite element analyses on machining were mostly simplified. For 
example, deformation and frictional behavior was commonly modeled as perfectly-
plastic and Coulomb’s law based respectively. Although these assumptions maybe 
over-simplified but these simplified approaches have led to important developments 
for conventional macro machining. This could be seen from the capability of 
Lagrangian method in handling large strain, large strain rate and high temperature. 
However, the assumption of perfect edge sharpness has hindered such technique for 
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micromachining due to its inability to handle large distortions without depending on 
chip separation criteria (Özel and Zeren, 2005).  
 
Nevertheless, the emerging computing technology from the eighties to the 
nineties in both hardware and software has increased the advancement of FEM. This 
has permitted yet more advanced applications of FEM-related techniques in 
micromachining. In this regard, Moriwaki et al. (1993) proposed a rigid-plastic finite 
element model for micromachining with the emphasis on tool edge radius effect. 
The increase of a/r would lead to the expansion of stress affected zone and the 
increase of specific cutting energy similar to that of experimental studies. 
Subsequently, Kug et al. (1999) proposed a thermo-viscoplastic model to study the 
size effect on the stress distributions during micromachining of OFHC copper and  
claimed that the specific cutting energy was greatly affected by the tool edge radius 
as the energy level at a of 0.2 µm was 1.5 times greater than a of 2 µm.  
 
Madhavan et al. (2000) explored conventional-macro machining with a 
series of Lagrangian analyses with iterative rezoning. Parallel primary zone and 
triangular secondary shear zone similar to experimental observations were 
successfully replicated. The residual stress in the workpiece and the hydrostatic 
stress around the tool edge radius were found to be highly compressive. While 
investigating the scaling effects, Denkena et al. (2005) found that the chip formation 
mechanism and cutting forces were greatly affected by different undeformed chip 
thicknesses at constant tool edge radius to undeformed chip thickness ratio. With a 
rate-dependent material model, Hochrainer et al. (2005) reported that the specific 
cutting force increased linearly with a/r while the depth of plastic zone increased 
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linearly with r. According to the authors, these effects were more significant when 
the cutting edge radius was of the same order as the depth of cut. 
 
Moreover, Özel and Zeren (2005) used an explicit dynamic arbitrary 
Lagrangian-Eulerian (ALE) method with adaptive meshing to simulate orthogonal 
cutting of AISI 1045 steel using rounded tool edge, the extended Johnson-Cook 
material model and a specialized friction model. The authors concluded that the 
ALE method was more efficient in simulating chip formation comparing to other 
methods that require chip separation criteria. Besides, they also pointed out that 
FEM-based models are possibly the only tools capable of predicting temperature, 





Most of the past investigations were highly experimental in nature in which 
most of the mechanistic and shear plane/zone models for conventional machining 
were proposed. Although useful, some crucial aspects such as stress-strain and 
temperature distributions are hard if not, impossible to be elucidated experimentally 
in micromachining. It should be noted that the emergence of computing and 
software technologies from the eighties onwards has shed some light on the 
continual assessment of machining processes as evidently observed from the vast 
amount of simulated models reported since then. 
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It is obvious that the tool edge radius effect was recognized since the fifties 
but as it was not profound in conventional machining, it has resulted in its severe 
negligence. Worse still, following the proposal of the shear plane model by Ernst 
and Merchant (1941) that assumed perfect edge sharpness; the topic was left 
virtually ‘untouched’. But such effect is no longer negligible as the cutting depths 
are reduced to a scale comparable to the size of the tool edge radius.  
 
More recently, a great amount of quality research papers on numerical 
modeling of machining is found in the Proceedings of the 10th CIRP International 
Workshop on Modeling of Machining Operations (Micari and Filice, 2007). Such 
research trend could indicate implicitly the maturity of FEM for machining analysis. 
Also, the dedicated global effort since the eighties in promoting technological 
advancements of FEM-related techniques for machining should be recognized.  
 
Thus, although preliminary implementations of FEM in machining analysis 
were once considered unreliable and inaccurate due to the simplified numerical 
formulations involved, such perspectives should not hold at present. With the more 
advanced computational finite element methodologies, numerical modeling and 
other related analytical techniques are now readily applied to machining research. 
One of these aspects is the significant effect of the tool edge radius on the mechanics 
of micromachining that has been ignored in earlier attempts for conventional 
machining due to technological limitations, could now be studied in detail with 
advanced finite element methods.  
 Chapter 3 





 In the finite element analysis of machining, three solution methods are 
usually utilized namely the Lagrangian formulation, the Eulerian formulation and 
the more recent arbitrary Lagrangian-Eulerian (ALE) formulation. The working 
principles of ALE alongside with its governing equations are discussed in this 
chapter followed by a proposal of a micromachining model with refined 
computational mesh.     
 
 
3.1 Limitations of Pure Lagrangian and Eulerian Methods 
 
The pioneering work in the analysis of machining with FEM began in the 
seventies. For the subsequent two decades, these analyses were highly dependent on 
the Lagrangian and the Eulerian formulations. In the Lagrangian approach, the mesh 
is fixed to the flowing material during deformation and in turn, the state of the 
material is fixed in the elements (HKS, 2003). In the Eulerian approach, the mesh is 
fixed spatially and the material flows through the mesh in a control volume (HKS, 
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2003). This usually requires prior knowledge to determine or predict the flow 
direction of the material during the process. According to Childs et al. (2000), the 
flow of material in a Lagrangian analysis is based on how the velocity of the element 
changes with time while the characteristics of an Eulerian flow is determined by 
how velocities change from an element to the other in a fixed volume. 
 
 Indeed, the nature of metal cutting involves material deformation ahead of 
the cutting tool tip which dictates the type of solution methods used. With these 
requirements, Lagrangian approach appears to be a more powerful method as it 
permits mesh deformations across free and constrained boundaries without the needs 
for special prior assumptions. However, the highly distorted elements limit the 
practical usage of this approach as the analyses are usually terminated when the 
degree of element distortions exceed a certain level.  
 
For remedy, machining simulations with Lagrangian formulation are usually 
performed through artificial chip separations at predefined parting paths when 
specific criterion is met. In the past, various chip separation criteria have been 
reportedly attempted, including the critical distance from the tool tip (Usui and 
Shirakashi, 1982), ductile fracture criteria (Iwata et al. 1984), critical strain (Carroll 
and Strenkowski, 1988), strain energy density (Lin and Lin, 1992), fracture 
mechanics approach (Zhang and Bagchi, 1994) and critical damage value (Cerretti et 
al., 1996). Despite huge amount of machining studies were published in the past two 
decades based on these approaches, there are virtually no physical theories or 
evidence to confirm the reliability of these criterion. Indeed, Huang and Black (1996) 
conceded that none of the geometrical or the physical criterion could simulate the 
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onset of cutting action correctly after an extensive evaluation. Although such 
technical issue is not encountered in Eulerian formulation, it is lacking of practical 
usage because crucial assumptions on chip flow and chip shape have to be made 
prior to the actual analysis.  
 
 
3.2 The Advantages of Arbitrary Lagrangian-Eulerian Method 
  
Previous discussions indicate the shortcomings of both Lagrangian and 
Eulerian methods in machining analysis. Nevertheless, it should also be noted that 
Lagrangian formulation is advantageous in simulating chip formation with free 
boundaries from the initial cut while Eulerian formulation is capable of captivating 
material flow around the tool tip. Thus, a promising technique for finite element 
analysis of machining processes known as the arbitrary Lagrangian-Eulerian (ALE) 
method has become more popular since it was first introduced in recent years.  
 
In general, the ALE method is a hybrid formulation which combines both the 
Lagrangian and Eulerian formulations. Therefore, it has both the characteristics of 
solid and fluid flow (Movahhedy et al, 2000a) where the mesh is neither attached to 
the material nor fixed spatially. During severe deformation, high quality meshes are 
maintained by keeping element aspect ratios within a permitted range (HKS, 2003) 
and by allowing mesh motion to be independent from material without changing the 
connectivity of the mesh. Successful implementations of the ALE method in 
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conventional machining were reported by Ng et al. (1999), Olovsson et al. (1999), 
Movahhedy et al. (2000a, b), Ozel and Zeren (2005).   
  
 With suitable mesh densities, machining process from the initial stage of 
chip formation to the steady state achieved through subsequent chip growth could be 
effectively simulated. Thus, the ALE method is considered to be a more appropriate 
approach to simulate the micromachining process in this study because chip 
formation is fundamentally governed by the tribological and plastic deformation 
phenomena instead of artificial chip separation criteria.  
 
 
3.3 Governing Equations 
 
 Material removal through machining is a highly non-linear phenomenon. 
Plastic deformation during chip formation affects the dynamic response and loading 
condition on the tool while chip flow influences frictional contact properties as the 
contact length is developed. Heat generation due to series of plastic deformation and 
friction would thus contribute to the thermal content of the tool-work system. Finite 
element analysis of such physical problem requires simultaneous solutions of the 
mechanical and thermal responses through a coupled temperature-displacement 
procedure (HKS, 2003). The mechanical response is solved using the explicit 
central-difference rules where displacements and velocities are calculated based on 
the initial values of an increment.  
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The initial acceleration is calculated through Eq. (3.1): 
( ) ( ) ( ) ( )( )1−= −N NJ J Ji i iv M P I                                                                                          (3.1) 
where NJM  is the mass matrix, JP  is the applied load vector, and JI  is the internal 
force vector. The accelerations as calculated at time, t will be used to advance the 
velocity solution to time, t + Δt/2 and the displacement solution to time, t + Δt.  
 
Thus, the solutions are advanced to a new state of kinematics with the values 
of ( )1/ 2ˆNiv −  and ( )Niv  from the previous increment. Nodal motion equations are 
integrated using the explicit central-difference integration rule as given in Eq. (3.2) 
and Eq. (3.3):  
( ) ( )
( ) ( )
( )
1
1/ 2 1/ 2 2
ˆ ˆ i iN N Ni i i
t t
v v v++ −
Δ + Δ= +                                                                              (3.2) 
( ) ( ) ( ) ( )1 1 1/ 2ˆN N Nii i ix x t v+ + += + Δ ⋅                                                                                       (3.3) 
where Nx  is the nodal displacement, vˆ  is the nodal velocity, tΔ  is the time 
increment and the subscript i refers to the step of numerical increment.  
 
 Similarly, heat transfer equations are solved based on the explicit forward-
difference rule in which the current temperatures are calculated based on the known 
values from the previous increment. The explicit forward-difference rule is given in 
Eq. (3.4):  
( ) ( ) ( ) ( )1 1 1/ 2+ + += + Δ ⋅ N N Nii i iT T t T                                                                                       (3.4) 
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where  NT is the rate of change in temperatures, NT  is the nodal temperature and the 
subscript i refers to the increment number in an explicit dynamic step. In an explicit 
dynamic analysis,  NT  is first determined in the beginning with Eq. (3.5):   
( ) ( ) ( ) ( )( )1−= − N NJ J Ji i iT C P F                                                                                           (3.5) 
where NJC is the lumped capacitance matrix, JP  is the applied load vector and JF  is 
the internal flux vector.  
 
Detail description of the states of deformation and the stability during a 
numerical increment are given in Appendix A and B respectively.     
 
3.3.1 Description of Kinematics 
 
 Motion description in ALE formulation is described with the referential Rχ, 
the material RX and the spatial Rx domains that are formed by reference coordinates χ, 
material coordinates X, and spatial coordinates x respectively (Stein et al, 2004). The 
reference coordinates in the referential domain are used to establish the nodal points 
of the computational mesh. The domains are connected through one-to-one 
transformations as shown in Figure 3.1. In ALE algorithm, the mappings φ, Ф and Ψ 
are interrelated by Eq. (3.6):  
1ϕ −= Φ ΨD                                                                                                               (3.6) 
 
The motion of the material particles is connected to the spatial domains 
through the mapping of φ as given in Eq. (3.7):  
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0 0: [ , [ [ , [( , ) ( , ) ( , )X final x finalR t t R t t t t x tϕ χ ϕ χ× → × =6                                           (3.7) 
and its gradient is conveniently represented in the matrix form as represented in Eq. 
(3.8):  




ϕ ∂⎛ ⎞∂ ⎜ ⎟= ∂⎜ ⎟∂ ⎜ ⎟⎝ ⎠0
                                                                                                 (3.8) 





∂= ∂                                                                                                            (3.9) 
 
 
Figure 3.1. Referential domain Rχ, material domain RX, and spatial domain Rx in the ALE 
framework associated with reference coordinates χ, material particles X, and spatial points x 
respectively. The domains are connected through single mapping φ, Ф and Ψ. (after Stein et 
al, 2004) 
 
 On the other hand, the motion of the nodal points in the spatial 
configurations is determined by Eq. (3.10) through the mapping of the referential 
domain into the spatial domain:   
0 0: [ , [ [ , [( , ) ( , ) ( , )final x finalR t t R t t t t x tχ χ χ× → × =Φ Φ6                                        (3.10) 
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∂⎛ ⎞∂ ⎜ ⎟∂= ⎜ ⎟∂ ⎜ ⎟⎝ ⎠
Φ
0
                                                                                                 (3.11) 
while the nodal velocity is written as Eq. (3.12): 
ˆ( , ) xv t t χ
χ ∂= ∂                                                                                                          (3.12) 
 
 Moreover, the material motion in the referential configuration is reflected 
from the mapping of which Ψ is usually represented in its inverse manner given as 
Eq. (3.13):   
1 1
0 0: [ , [ [ , [( , ) ( , ) ( , )X final finalR t t R t t X t X t tχ χ− −× → × =Ψ Ψ6                               (3.13) 
and the gradient is represented by Eq. (3.14): 
1




χ− ∂⎛ ⎞∂Ψ ⎜ ⎟= ∂⎜ ⎟∂ ⎜ ⎟⎝ ⎠
                                                                                              (3.14) 




χ∂= ∂                                                                                                                (3.15) 
 
 The velocities given in Eqs. (3.9), (3.12) and (3.15) could be related by 
differentiating Eq. (3.7) which yields Eq. (3.16) and the ALE gradient of 
deformation in Eq. (3.17):  
ˆ xv v wχ
∂= + ⋅∂                                                                                                          (3.16) 
Finite Element Modeling: An Arbitrary Lagrangian-Eulerian Approach 










∂⎛ ⎞ ∂⎛ ⎞⎜ ⎟⎜ ⎟∂= ∂⎜ ⎟⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
                                                                                        (3.17) 
 
 The relative velocity between mesh-material is given in Eq. (3.18):  
ˆ xc v v wχ
∂= − = ⋅∂                                                                                                    (3.18) 
The relative motion would create convective effects as reflected in Eq. (3.18).  
 
3.3.2 Conservation Equations  
 
 The conservation equations in ALE formulation are mathematical identities 
to the symmetry of the model from the aspect of mass, momentum and energy. The 
differential form of conservation equations (Stein et al, 2004) are given in Eqs. (3.19) 
to (3.22):  
Mass: c v
t χ
ρ ρ ρ∂ + ⋅∇ = − ∇⋅∂                                                                                (3.19) 
Momentum: ( )v c v b
t χ
ρ σ ρ⎛ ⎞∂ + ⋅∇ = ∇ ⋅ +⎜ ⎟⎜ ⎟∂⎝ ⎠
                                                        (3.20) 
Total energy: ( )E c E v v b
t χ
ρ σ ρ⎛ ⎞∂ + ⋅∇ = ∇ ⋅ ⋅ + ⋅⎜ ⎟⎜ ⎟∂⎝ ⎠
                                            (3.21) 
Internal energy: : Se c e v
t χ
ρ σ⎛ ⎞∂ + ⋅∇ = ∇⎜ ⎟⎜ ⎟∂⎝ ⎠
                                                         (3.22) 
where E is the total specific energy, ρ is the mass density, v is the material velocity 
vector, σ is the Cauchy stress tensor, b is the specific body force vector, e is the 
specific internal energy and Sv∇  represents the strain rate tensor.  
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3.4 Working Principles 
 
3.4.1 Mesh Layout 
 
Consider two connected, 2-node link (element) in a one-dimensional 
problem as shown in Figure 3.2. Nodal point O is labeled as i while A and B are 
labeled as i-1 and i+1, being on the left and right of O respectively. Element center 
is treated as offsets between the nodal points, ±1/2 and therefore element (1) and (2) 
are labeled as i-1/2 and i+1/2.  
 
 
Figure 3.2. Computational mesh layout. (a) One-dimensional; and (b) two-dimensional. 
 
Similar convention is adopted for a two-dimensional problem. The mesh is 
built upon cross-linking mesh lines (the j and k series in this context). The 
intersections of the j and k mesh lines define the nodal points, written as Cartesian 
coordinates. For example points A, O and B are labeled as (k-1, j+1), (k, j) and (k+1, 
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j) respectively. While the element center is also defined as the offset through which 
elements (1) and (4) are thus labeled as (k-1/2, j+1/2) and (k+1/2, j-1/2) respectively.  
 
3.4.2 Mesh Smoothing 
 
 Mesh distortions during plastic deformation are prevented through adaptive 
meshing. A smooth mesh is first regenerated and subsequently, element variables 
and momentum from the previous distorted mesh are remapped to the new mesh. 
Nodal points in the domain are repositioned to new locations with respect to the 
neighboring nodal points based on different mesh smoothing methods: volume, 
Laplacian and equipotential (HKS, 2003) that could be understood by considering a 
segment of the deformed computational mesh in Figure. 3.3. 
  
 
Figure 3.3. (a) Deformations of computational mesh during chip formation (b) undeformed 
state; and (c) deformed state.   
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Consider O as surrounded by 8 nodes N1, N2 … N8 within four elements with 
C1, C2, C3 and C4 as element centers respectively. O is constantly repositioned 
during deformation based on different smoothing methods. Volume method 
calculates the new position of O by averaging the distances among C1, C2, C3 and C4. 
Laplacian method relocates O by averaging the positions of the surrounding points 
that are directly connected through element edges N2, N4, N6 and N8. Additionally, 
equipotential method repositions point O based on a high-order averaging of the 
positions of all adjacent nodal points N1, N2 … N8 which appears as the most 
effective but expensive solution. The outcome is slightly different by applying 
different smoothing methods but ultimately, numerical instability due to element 
distortion is remedied. Large deformation is reflected from the differences between 
the corresponding edge lengths, Δ=li’-li (i=1, 2, 3 and 4). 
 
3.4.3 Solutions Advection   
 
Following mesh smoothing, previous element and momentum solutions are 
remapped to the new mesh through the van Leer advection algorithm (van Leer, 
1977a) and half-index shift method (Benson, 1992). According to van Leer (1977b), 
the constant distribution of solution variable at the integration point is used to derive 
second-order expressions within the surrounding elements through a quadratic fitting. 
The second-order expression is then differentiated to produce a trial linear 
distribution at the integration points in which the slope of the linear function is 
identified. The magnitude of the slope is constrained within the minimum and 
maximum values of the neighboring elements. The solution variable ξ  on a nodal 
coordinate x is defined as: 
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1/ 2 1/ 2 1/ 2
ˆ( ) ( )i i ix g x x
ξξ ξ+ + += − +               (3.23) 
where 1/ 2iˆξ +  is the constant value on 1/ 2ix + with a linear gradient 1/ 2igξ+ .  
 
Eventually, the new values are distributed in the new mesh through the 
integration of the linear function across the surrounding elements. During mesh 
deformation from element i-1/2 to the adjacent element i+1/2, the solution variable 
iξ  is calculated using the linear distribution function of element i-1/2. If the opposite 
direction of deformation happens from i+1/2 to i-1/2, the linear distribution of 
element i+1/2 will be adopted to determine iξ . The working principle of the second-
order advection is schematically illustrated in (HKS, 2003).  
 
On the other hand, momentum advection is used to determine nodal 
velocities and the corresponding velocity field on the new mesh. Two common 
algorithms: staggered mesh and cell-centered are usually adopted for this purpose. 
However, the former is not suitable for machining as the accuracy is adversely 
affected by high wave dispersion errors (Benson, 1992). Thus, the Half-Index Shift 
(HIS) method, a popular cell-centered algorithm was adopted in this study due to its 
advantages in managing wave dispersion and monotonicity. A simple description of 
the mechanism of HIS method is illustrated in Figure 3.4.  
 
The momentum variables (velocities and mass) from the old mesh shift from 
the nodes around the integration points, remapped on to the integration points of the 
new mesh and then retransferred to the surrounding nodes. The general form of HIS 
algorithm involves the render of momentum variables ( , 1/ 2)iϑ Ω +  in the element center:  
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( , 1/ 2) ( , 1/ 2) ( 1/ 2)ˆi i ivϑ Ω + Ω + += ⋅∑A               (3.24)  
where Ω represents various solution variables and A  stands for the linear 
transformations of the underlying variables. The simplest form of A  being the unit 
matrix I which produces the symmetric 1-D form of Eq. (3.25) is expressed as:  
( , 1/ 2) ( 1/ 2)ˆi iI vϑ Ω + Ω += ∑ ⋅  
1
2
( , 1/ 2)











⎧ ⎫ ⎧ ⎫⎡ ⎤⎪ ⎪ =⎨ ⎬ ⎨ ⎬⎢ ⎥⎣ ⎦ ⎩ ⎭⎪ ⎪⎩ ⎭
              (3.25)          
 
 
Figure 3.4. Illustration of the mechanism of Half-Index Shift method.    
 
For momentum conservation, mass is coupled with momentum variable 
during solution advection and the resulted ''( , 1/ 2)m iϑ +  is then written as:  
( )'' ' '( , 1/ 2) 1/ 2 ( , 1/ 2) ( , 1) 1 ( , 1) 1''
1/ 2
1




ϑ ϑ ϑ ϖ ϑ ϖ+ + + − − + +
+
= ⋅ + ⋅ − ⋅          (3.26) 
where M andϖ are lump mass matrix and transport mass. The superscripts ''  and '  
denote variables before and after advection respectively. Thus, iˆv  can be defined as 
the inverse of Eq. (3.26):  
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           (3.27)  
These procedures are governed by the conservation equations while keeping the 
mesh-material motion to be mutually independent.  
 
 
3.5 Deformation Behavior  
 
 In this study, deformation behavior is modelled with the constitutive model 
proposed by Johnson and Cook (1983). It adopts an isotropic hardening function 
where the yield stress changes uniformly with plastic strains in all directions. The 
null yield stress is expressed in Eq. (3.28):  




σ ε ⎡ ⎤⎛ ⎞−⎢ ⎥= + − ⎜ ⎟−⎢ ⎥⎝ ⎠⎣ ⎦
                                                                           (3.28)   
where eqε is the equivalent plastic strain. A, B, m and n are strength coefficients 
referring to yield strength, hardening modulus, thermal softening coefficient and 
hardening coefficient. T, Tr and Tm stand for the working temperature, room 
temperature and melting temperature respectively.  
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 With the consideration of strain rate effects, the equivalent flow stress 
incorporates a plastic strain rate component:  
( )0 eqfσ σ ε= ⋅                                                                                                        (3.29)  








T TA B C
T T
εσ ε ε
⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞−⎢ ⎥= + − +⎢ ⎥⎜ ⎟ ⎜ ⎟−⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦⎣ ⎦

                                                     (3.30) 
with ( )
0
 as represented by 1 ln eqeqf C
εε ε
⎡ ⎤+⎢ ⎥⎣ ⎦
   
where C is the strength coefficient referring to strain rate sensitivity whileεeq and 0ε  
each represents equivalent plastic strain rate and reference strain rate. The 
deformation of the workpiece material is assumed to be homogeneous.  
 
 
3.6 Contact Characteristics  
 
Friction is the resisting force against sliding motion between two surfaces. In 
micromachining, tribological interactions are established on the rake face, the tool 
edge radius and the clearance face during chip formation. Normal contact pressure, 
σn acts over the interfaces and determines the overclosure, h of the contact surfaces 
(HKS, 2003). The surfaces come into contact (h = 0) when σn > 0 and separate (h < 0) 
when σn = 0. Following that, the distributions of resultant shear contact stress, τf will 
be affected by σn where the friction of coefficient, µ is determined by the ratio of τf 
to σn. Indeed, chip flow is effectively reflected from the stick-slide behaviour with 
the modified Coulomb friction model (Zorev, 1963). Sliding happens when the shear 
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contact stress, τf is less than the material shear flow stress, kf while sticking is 
realized as τf exceeds kf. Such a frictional phenomenon is represented by Eqs. (3.31) 
and (3.32):  
 for sticking when τ μσ= ≥f f n fk k                                                                       (3.31) 
 for sliding when τ μσ μσ= <f n n fk                                                                      (3.32) 
 
 
3.7 Heat Generation and Conduction  
 
 Heat is generated in tool-based machining through plastic straining and 
frictional sliding. According to HKS (2003), heat flux density generated through 
plastic straining is defined as:  
( )pl plplq η= ⋅σ ε                (3.33) 
where plη , plε  are plastic strain heat fraction and plastic strain rate. The plastic 
strain rate is the numerical increment of material deformation given as:     
pl plε= ⋅ε n                           (3.34) 
where n is the unit vector of plastic deformation in the three-dimensional space and 
plε is the magnitude of plastic strain rate. By solving plastic strain through backward 





η= Δ ⋅ +Δ ε n σ σ                          (3.35)    
 
 Besides, heat flux density generated through frictional sliding is defined as: 
( )frr f sq Vη τ=                (3.36) 
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where frη , fτ , sV are the frictional heat fraction, shear contact stress and sliding 
velocity respectively. The flow of heat flux densities towards the contacting surfaces 
of cutting tools, qt and workpiece/chip, qw are given by Eqs. (3.37) and (3.38): 
t c t fq q qη= −                            (3.37) 
w c w fq q qη= − −                (3.38) 
where tη , wη are heat fractions of tool and workpiece and 1t wη η+ = . The values of 
tη  and wη  are 0.491 and 0.509 respectively as governed by the thermal 
conductivities of the tool and workpiece.       
 
Heat conduction across the interface, qc is expressed as Eq. (3.39):   
c t w t wq k θ− −= ⋅Δ                (3.39) 
t w t wθ θ θ−Δ = −                  
where t wθ −Δ  is the difference in surface temperatures between cutting tool, tθ and 
workpiece, wθ . kt-w is the interfacial conductance governed by the normal contact 
pressure and contact overclosure.  
 
 
3.8 Model Configuration and Boundary Conditions 
 
 In this study, the ALE-FE analysis of micromachining is carried out in the 
orthogonal configuration under plane strain and explicit dynamic conditions, with 
the used of the computing resources as summarized in Table C.1 (Appendix C). The 
mesh quality is maintained by allowing independent and/or semi-independent nodal 
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motion from the material point. Severe plastic deformation will then be achieved 
through the increase in nodal motion freedom without the incorporations of 
unrealistic chip separation criteria.  
 
The stress and heat states of the cutting system are dependent upon each 
other during chip formations. Thus, the thermal and mechanical solutions are 
attained simultaneously through a coupled temperature-displacement procedure. The 
building elements of the ALE-FE model and their respective interrelationships are 
schematically illustrated in Figure 3.5.            
 
 
Figure 3.5. Illustration of the building elements and work flow of the arbitrary Lagrangian-
Eulerian finite element model for tool-based micromachining.     
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The workpiece and cutting tool are uniformly meshed with 4-node coupled 
temperature-displacement elements of 1 µm × 0.5 µm and 3-node coupled 
temperature-displacement elements with a global size of 1.5 µm respectively as 
shown in Figure 3.6. Three-node elements are advantageous in accommodating 
planar curvature boundary of the tool edge radius while reducing the total amount of 
variables to be solved which is therefore suitable for the meshing of the cutting tool.  
Moreover, the application of fine elements is important to improve the accuracy and 
sensitivity of the ALE model to detect fine variations in cutting depth and to 
enhance tool-work contact in the vicinity of the chip root region.  
 
 
Figure 3.6. Coupled temperature-displacement elements. (a) 4-node element for the 
workpiece; and (b) 3-node element for the cutting tool.     
 
 The computational meshes of the workpiece and cutting tool are generated 
and configured as in Figure 3.7. The medium carbon steel (AISI 1045) workpiece is 
treated as a rectangular block with a length of 160 µm and a thickness of 50 µm 
while the tool is modelled with the tool rake angle, γ of -10°, 0°, 10°, clearance 
angle, α of 6° and tool edge radius, r of 5 and 10 µm based on tool geometries of the 
actual WC-Co cutting tools used in experimental verifications. 
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This study is limited to a practical range of undeformed chip thickness, a 
from 2 µm to 20 µm (with an interval of 2 µm). Relative positioning of the cutting 
tool and workpiece defines the undeformed chip thickness, a. With r of 5 µm and 10 
µm, the resulted a/r range from 0.2 to 2.0 (with an interval of 0.2) for r = 10 µm and 
0.4 to 4.0 (with an interval of 0.4) for r = 5 µm. Investigations are extended to fine a 
of 2 μm to evaluate the contact phenomenon during the formation of negative 
effective rake angles and to study the feasibility of producing continuous chip with 
carbide cutters at such a fine magnitude. 
 
Figure 3.7. Configuration of computationally meshed tool-workpiece entities with 
predefined boundary conditions in the ALE domain. γ = +10°, 0°, -10°; α = 6° and r = 5 µm, 
10 µm are determined from actual WC-Co cutting tools used in the experiment. 
 
The workpiece is fed horizontally towards the rigidly fixed cutting tool at 
cutting speeds, V of 100, 250 and 500 m/min to achieve chip formation. High cutting 
speed is included to explore the process behaviour at that machining regime as a 
comparison to that at lower speeds. The boundary conditions are then established as:  
(i) Line oy, vx=V;  
(ii) Line ox, vy=0;  
(iii) Line st, uy=0;  
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(iv) Line tu, ux=0; 
(v) Line yz is unrestricted.   
where vx, ux, vy and uy are nodal velocities and displacements in the x and y 
directions respectively. Line yz is treated as the chip free boundary so that the chip 
shape is developed in a natural manner.  
 
Mechanical contact is enforced with the modified Coulomb friction model 
which governs the stick-slip phenomenon. Mean coefficient of friction, µ is 
determined experimentally as 0.45 under dry machining condition as shown in 
Figure 3.8 and the maximum interfacial shear stress kf was fixed to 319.3 MPa 
(σy/√3). The frictional condition fluctuates due to the cyclical nature in chip 
formation and it is generally accepted to use µ during the steady-state condition 
(Machado and Wallbank, 1997). Previous findings have affirmed the constancy of µ 
and kf during sliding (Iwata et al., 1984) and sticking (Shirakashi and Usui, 1974) 
respectively. Thus, this approach will not deteriorate the accuracy of the analysis.    
 
 
Figure 3.8. Mean friction coefficient, µmean of tool-workpiece under dry condition. 
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 High strain and strain rates are encountered in micromachining as a result of 
severe plastic deformation. Plastic deformation of the steel materials in the present 
study is modeled with the Johnson-Cook model in the form of equivalent flow stress. 
Thus, heat generations due to frictional sliding and heat transfer between the 
contacting surfaces through conduction is incorporated in the machining analysis. 
The material properties, tribology and machining conditions of the workpiece and 
cutting tool are summarised in Table 3.1. 
 
Table 3.1. Machining conditions, tribological parameters, tool and workpiece properties. 
 





 A novel ALE-FE model for tool-based micromachining was proposed in 
Chapter 3. The present discussion is focused on the verification of the model 
through experiments which compares the simulated and experimental findings on 
the deformed chip thickness, tool-chip contact length and machining forces. The 
experimental setup, the design of experiment, the test procedure and the 
experimental findings are also discussed.     
 
 
4.1 Technical Challenges 
 
4.1.1 Mechanical Aspects 
 
The assessment of micromachining through quantitative evaluation of plastic 
deformation, contact length and machining forces is challenging. Firstly, the 
resolution of machine tool is the utmost important feature to warrant a precise cut in 
micron scale. Besides that, the positioning accuracy of the machine elements should 
be absolutely repeatable in all machining axes to suppress machining errors. Such 
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repeatability must be available for prolonged machining time. Despite that, the tool 
and work mounting and mechanisms must possess good rigidity properties to 
minimize chatter vibrations especially when the tool edge radius effect becomes 
increasingly significant at micron-scaled material removal. The aforementioned are 
prerequisites for successful implementation of micromachining that could not be 
fulfilled by conventional machine tools.   
 
4.1.2 Optical Aspects 
 
Common experimental techniques for the investigation of tool-chip contact 
length include the use of cutting tools with restricted contact length (Usui and 
Takeyama, 1958), photoelastic techniques (Bagchi and Wright, 1987), quick-stop 
cutting devices (Jaspers and Dautzenberg, 2002), contact traces measurement 
(Radwan, 1985) and high speed photography technique (Komanduri and Brown, 
1981). According to Sutter (2005), high speed photography technique appears as the 
most promising method as prior assumptions are not needed. However, the 
underlying challenges are also evident.  
 
Firstly, process stability should prevail as vibration in the form of random 
oscillations will lead to image blurring. Secondly, the imaging system should be able 
to capture the cutting action with adequate resolution under high speed and low light 
condition. Thirdly, the fine deformation zone should be displayed effectively 
through the realization of small field-of-view and high depth-of-view. Lastly, the 
provision of sufficient light on the narrow cutting area is also of great importance to 
warrant adequate brightness and to minimize shadowy effects.  
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4.2 Machine Tool 
 
 Micromachining experiments are performed on an ultraprecision machine 
tool: Toshiba ULG-100C (H3) as shown in Figure 4.1. It is equipped with aerostatic 
bearing spindles to maintain process stability while its rigid horizontal guideways 
are supported through aerostatic V-V rollers. Machining resolution and accuracy are 
upheld at 1nm in the principal axes through optical scales with nanometric 
resolution. The machine bed is produced from a single block type cast-iron and 
subjected to machining operations in a temperature-controlled and vibration-proof 
environment. Thus, the combinations of these machine components affirm high 
machining accuracy at nanometer resolution over broad machining conditions.  
 
 
Figure 4.1. Ultraprecision machine tool for micromachining experiments. 
 
 
4.3 Cutting Tools   
 
 P-type cemented tungsten carbide cutting tool (WC-Co: P20) is used for the 
micromachining of medium carbon steel in this study. It is comprised of sub-micron 
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WC grains of 0.7 μm and the weight percentage of Co is approximately 10%. It has 
a rake angle, γ and a clearance angle, α of 10° and 6° respectively while having a 
tool edge radius, r of 10 µm. The geometry and microstructure of the tool is depicted 
in Figure 4.2 and its mechanical properties are summarized in Table 4.1. 
 
 
Figure 4.2. Tool geometries of the micro-grain WC-Co cutting tool. It is made up of carbide 
grains with an average size of 0.7 μm.      
 
Table 4.1. Mechanical properties of the WC-Co cutting tool. 
 
Grain size (μm) 













Micro-grain WC-Co cutting tools are used in the present study instead of 
diamond and cBN tools as the former is not chemically compatible with ferrous 
materials where instantaneous tool wear would be resulted at elevated temperatures 
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around 800°C (Shaw, 2005). The latter though demonstrates good machining quality 
on steel, is not a cost effective solution (Childs et al., 2000) for carbon steel 
applications. In addition, fine WC grain is advantageous for producing sharp cutting 
edge for micromachining applications.   
 
 
4.4 Workpiece Material  
 
 In this study, a popular grade of engineering steel: medium carbon steel AISI 
1045 is chosen as the primary workpiece material. Its chemical composition consists 
of C (0.5%), Si (0.3%), Mn (0.7%) while the remaining fraction is Fe. Due to its 
superiority in machinability and mechanical strength, medium carbon steel is 
plausibly considered as a suitable grade of steel for micro/miniaturized components.  
 
The emphasis on machinability and mechanical strength in this context is 
referring to a fair balance between the two competing features. The ease of 
machining medium carbon steel would reserve greater room for design creativity. 
This increases the viability of micro-system technology in more applications when 
the shape of the component or its micro features becomes more complex. While at 
the same time, medium carbon steel is sufficiently sustainable for the intended 
applications within a reasonable time frame. Moreover, the properties of medium 
carbon steel could be manipulated through heat treatment techniques (Schweitzer, 
2003) to suit various machining and application requirements.  
 
 The workpiece preparation procedures are described in Appendix D.  
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4.6 Experimental Setup  
 
The experimental setup consisted of the orthogonal machining elements, the 
imaging, optical and lighting systems as schematically illustrated in Figure 4.3. The 
core orthogonal machining elements include the thin wall steel structures of 0.3 mm 
thickness created on the bulk cylinders while the WC-Co cutters have straight 
cutting edges of 0.5 mm. The cutter is secured to the tool holder and then fixed on a 
multi-component dynamometer Kistler 9256C1 MiniDyn for cutting force 
measurement while the steel workpiece is mounted on the vacuum chuck. A 
sampling frequency of 24 kHz per channel is used so that all useful machining 
signals are captured.  The triaxial dynamometer is highly sensitive, having high 
natural frequency but low threshold to measure very small orthogonal cutting force 
components in the three principal axes.  
 
 
Figure 4.3. Schematic diagram of the complete experimental setup which includes the 
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 The high-speed imaging system Photron Ultima APX was used to record the 
chip formation process. It could deliver up to 120,000 frames per second (fps) at 
reduced image resolutions but 2,000 fps was used in this study to produce full mega 
pixel resolution. The imaging system consisted of a monochrome camera unit, an 
image-processing unit and a standard personal computer where the cutting motion 
was first captured by the camera, processed by the image-processing unit and 
subsequently stored on the personal computer. To achieve sub-millimetre field-of-
view (F.O.V.), an optical system with image resolution of 300 lp/mm is coupled 
with the high-speed imaging system. An additional infinity-corrected objective lens 
is attached to the optical system to enhance magnification and resolution. Figure 4.4 
illustrates examples of the chip formation process for undeformed chip thickness 
ranging from 2 μm to 20 μm. 
 
For illumination purposes, a high intensity discharge lighting system with 
fibre light equipment, Iwasaki MLDS250-2 was used. The lighting system uses a 
short arc metal halide lamp (350 watt) to produce light source of great intensity and 
minimal flicker. The light beam was concentrated on the cutting zone with two fibre 
optic light guides to reduce shadowy effects. However, the metal halide lighting is 
only operated momentary during the actual cutting practice to avoid heating up the 
machine elements. Thus, a separate halogen coaxial illumination light source is 
coupled with the optical system for fine focusing. Through coaxial illumination, cold 
white light produced by the halogen light source was projected perpendicularly onto 
the cutting zone so that the focus of the area-of-interest could be adjusted to the 
sharpest possible degree. The photograph of the complete experimental setup on the 
ultraprecision machine tool is shown in Figure 4.5.  
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Figure 4.4. High speed images of tool-based micromachining for different magnitudes of 
undeformed chip thickness, a attempted.    
 
 
Figure 4.5. Illustration of the complete experimental setup for tool-based micromachining 
of medium carbon steel with cemented tungsten carbide cutters.   
 
 
4.7 Experiment Design  
 
 Under ultraprecision machining conditions, experimental verification of the 
numerical model was carried out for the range of undeformed chip thickness, a from 
2 µm to 20 µm (with an interval of 2 µm). The cutting speed V was fixed to 100 
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m/min, 250 m/min and 500 m/min through the control of spindle rotational speed W, 
with the workpiece diameter Dw, of 90 mm. In-feed rates f, are set from 11.8 µm/s to 
118.0 µm/s (with an interval of 11.8 µm/s). With the tool edge radius, r of 10 µm, 
the scope of the present experimental study is concentrated on a/r ranging from 0.2 
to 2.0 (with an interval of 0.2). Table 4.2 is the summary of the experimental 
conditions. A fresh cutting edge is used for each test to reduce the influences of tool 
wear. Five repetitions for each test condition were performed.    
  
Table 4.2. Machining conditions for experimental verifications. 
Cutting speed, V (m/min) 
Workpiece diameter, Dw (mm) 
In-feed rate, f (µm/s) 
Undeformed chip thickness, a (µm) 
Tool edge radius, r (µm) 
RTS, a/r 
100, 250, 500 
90.0 
11.8, 23.6, 35.4…118.0 
2.0, 4.0, 6.0…20.0 
10.0 
0.2, 0.4, 0.6…2.0 
 
   
4.8 Model Validation  
 
 The ALE-FE micromachining model is validated through plastic deformation, 
contact behaviour and the overall chip formation mechanics. The degree of plastic 
deformation is determined through deformed chip thickness as produced from 
different machining conditions. Besides that, contact behaviour is characterized with 
the tool-chip contact length which serves as the collective parameter for various 
tribology variables. Moreover, the mechanics of micromachining is quantified with 
the principal machining force components.  
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4.8.1 Tool-Chip Contact Length  
 
 Figures 4.6, 4.7 and 4.8 illustrate the distributions of simulated and 
experimental contact length, Lc for cutting speeds, V of 100 m/min, 250 m/min and 
500 m/min respectively. Generally, Lc increased linearly with a for all cutting 
speeds. The response of Lc towards increasing a was greater from lower cutting 
speed of 100 m/min followed by 250 m/min and then 500 m/min. At low cutting 
speed of 100 m/min, the experimental Lc was mostly greater than the simulated Lc 
as opposed to higher cutting speed at 500 m/min. Cutting speed of 250 m/min 
contained a mixture of data points from both categories.  
 
The magnitudes and trends of both simulated and experimental contact 
length agreed well with each other, especially at low cutting speeds. The error bands 
represent the upper bound and lower bound of the experimental results. The 
percentages of divergence %|Δ| were mostly maintained at single digit for 100 
m/min and 250 m/min while increasing cutting speed to 500 m/min resulted in the 
increased of %|Δ| to double digits, approximately 15.0%-16.0%. The average 
percentages of divergence were found to be 8.03%, 6.99% and 10.43% for 100, 250, 
500 m/min respectively. The experimental and simulated contact lengths for 100, 











Figure 4.6. Distributions of contact length, Lc for varying undeformed chip thickness, a 




Figure 4.7. Distributions of contact length, Lc for varying undeformed chip thickness, a 
from 2 µm to 20 µm (with an interval of 2 µm), at cutting speed, V of 250 m/min.  
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Figure 4.8. Distributions of contact length, Lc for varying undeformed chip thickness, a 
from 2 µm to 20 µm (with an interval of 2 µm), at cutting speed, V of 500 m/min.  
 
4.8.2 Deformed Chip Thickness  
 
Comparison between the simulated and experimental findings on deformed 
chip thickness tc at different cutting speeds, V of 100 m/min, 250 m/min and 500 
m/min are illustrated in Figures 4.9, 4.10 and 4.11. The deformed chip thicknesses 
were determined from the high speed images and verified with measurements on 
SEM micrographs of the chips. It is noticeable that tc increased linearly with a from 
4 µm to 20 µm for all cutting speeds. Chips were plastically deformed greater with 
increasing a at lower cutting speed, 100 m/min followed by 250 m/min and then 500 
m/min. In general, the magnitudes and distributing trends of both simulated and 
experimental contact length showed satisfactory agreement. The percentages of 
divergence %|Δ| were mostly maintained at single digit for low undeformed chip 
thickness below 6µm while increasing undeformed chip thickness widened the %|Δ| 
to double digits, 19% being the highest at a = 10µm, V = 500 m/min.  
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Figure 4.9. Distributions of deformed chip thickness, tc for varying undeformed chip 




Figure 4.10. Distributions of deformed chip thickness, tc for varying undeformed chip 
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Figure 4.11. Distributions of deformed chip thickness, tc for varying undeformed chip 
thickness, a from 2 µm to 20 µm (with an interval of 2 µm), at cutting speed, V of 500 
m/min.  
 
The average percentages of divergence were found to be 7.608%, 7.750% 
and 11.811% for 100 m/min, 250 m/min and 500 m/min respectively. The 
experimental and simulated deformed chip thickness for 100, 250 and 500 m/min are 
tabulated in Tables E.4, E.5 and E.6 (Appendix E).  
 
4.8.3 Machining Force 
 
 Figures 4.12, 4.13 and 4.14 illustrate the distributions of mean simulated and 
experimental cutting, Fc and thrust, Ft force components for cutting speeds, V of 
100 m/min, 250 m/min and 500 m/min respectively in the range of undeformed chip 
thickness a from 2 µm to 20 µm (with an interval of 2 µm). The experimental and 
simulated cutting and thrust forces for 100 m/min, 250 m/min and 500 m/min are 
tabulated in Tables E.7, E.8, E.9 and E.10, E.11, E.12 respectively (Appendix E).        
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Figure 4.12. Distributions of cutting force, Fc and thrust force, Ft for varying undeformed 




Figure 4.13. Distributions of cutting force, Fc and thrust force, Ft for varying undeformed 
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Figure 4.14. Distributions of cutting force, Fc and thrust force, Ft for varying undeformed 
chip thickness, a from 2 µm to 20 µm (with an interval of 2 µm), at cutting speed, V of 500 
m/min.  
 
In general, the simulated and experimental Fc agree more closely at lower a 
< 14 µm at 500 m/min and a < 16 µm at 250 m/min and 100 m/min where the 
percentages of divergence %|Δ| remain within single digit. As a increases the 
aforementioned threshold, %|Δ| increases correspondingly to double digits below 
20%, 500 m/min being affected the most, followed by 250 m/min and 100 m/min. 
This is followed by the average %|Δ| in a descending trend 9.994%, 9.133% and 
5.560% for 500 m/min, 250 m/min and 100 m/min respectively.  
 
In most cases, Fc produced from the ALE model was lower than 
experimental findings. Such trend is followed by the thrust force distributions where 
experimental Ft was greater than the simulated counterpart in general. But contrary 
to Fc, the average %|Δ| for Ft was consistently higher at increasing cutting speeds at 
20.602% and 19.723% for 250 and 500 m/min respectively as compared to 6.751% 
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at 100 m/min. Generally, divergences between experimental and simulated Ft 
increased with a (>10 µm) for all cutting speeds. 
 
Both Fc and Ft increased with a but Fc corresponded greater to a than Ft for 
all cutting speeds. Thus, it was observed that the differences between the Fc and Ft 
became larger with increasing a. In other words, the reductions in machining 
magnitude promote the thrusting component but reduce the significance of the 
cutting component. Comparisons between the trends and magnitudes of Fc and Ft as 





 Through extensive experimental verifications, it could be concluded that the 
proposed ALE model for tool-based micromachining in Chapter 3 is reasonably 
reliable. As reflected from the findings on tool-chip contact length, deformed chip 
thickness and machining forces, the discrepancies between the experimental and 
simulated results are relatively close at V of 100 m/min. But the range of divergence 
between the experimental and simulated results in the three different aspects 
becomes larger at V of 500 m/min.  
 
This is believed to be related to the used of temperature-independent material 
properties such as frictional shear flow stress, specific heat and thermal conductivity 
for the tool and work. When material removal is performed at V of 500 m/min, the 
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intensity of heat generation is greater than V of 100 m/min due to the elevation in the 
degrees of plastic deformation (strain rate) and frictional sliding (sliding rate). Thus, 
thermal effects of the process become more dominance at high cutting speed and the 
used of temperature-independent properties may affect the accuracy of the analysis. 
Nevertheless, it is believed that the magnitudes of such discrepancy are still 
considerably acceptable judging from the extremely fine undeformed chip thickness 
attempted in the finite element analysis of micromachining. 
 
On the other hand, the inability of the present experimental study to evaluate 
thermal effects remains as a major shortcoming. Such inability is largely due to the 
limitation of thermal sensing technology, also encountered by other research groups. 
Nevertheless, reliability of the results related to thermal aspects could rely on the 
findings in material deformation and contact behaviour because heat is produced 
through plastic deformation and tribological processes while the mechanics of the 
process could be effectively reflected from the associated machining forces.   
              





 The contact phenomenon in micromachining is complicated due to the tool 
edge radius effect. Such influences could be seen from the normal and frictional 
contacts that affect material separation, stick-slide behavior during chip flow and the 
resultant tool-chip contact length through which as a whole, govern the plastic 
deformation activities and tool wear development. In this chapter, the effects of tool 
edge radius on these aspects are addressed.             
 
 
5.1 Material Separation and Frictional Shear Contact 
 
Micromachining of medium carbon steel is associated with material 
separation following the initiation of plastic flow after the yield criterion is exceeded. 
As governed by the tool edge radius effect, material separates on a specific location 
on the rounded edge curvature known as the stagnation point, associated with flow 
retardation around the stagnation point. Experimental observation of this 
phenomenon is evidently shown in Figure 5.1 as reported by Jaspers and 
Dautzenberg (2002).  
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Figure 5.1. Flow stagnation point on the rounded curvature of tool edge radius, r. (a) r = 33 
µm; and (b) r = 2 µm. Stagnation point angle, δs is approximately 60°. (after Jaspers and 
Dautzenberg, 2002)        
 
In this regard, material above the stagnation point is separated from the bulk 
material and escapes as chips while material below the stagnation point is 
compressed to form the machined surface. The position of the stagnation point is 
defined by the stagnation point angle, δs measured as the angular displacement from 
the thrust force vector. From the spatial velocity in Figure 5.2, the stagnation point 
angle as determined from the spatial velocity analysis, δsv is equal to δs:    
δsv = δs                                                                                                                       (5.1) 
 
The seizure of flow during material separation is reflected from the zero 
velocity on the stagnation point while the flow retardation zone is revealed from the 
spatial velocities close to zero around the stagnation point. This phenomenon is 
uniformly encountered disregarding the magnitudes of tool rake angle, undeformed 
chip thickness and cutting speed. Moreover, along the contact interactions on the 
rake face, tool edge radius and clearance face, two series of frictional shear contact 
components arose above the stagnation point (towards rake face) and below the 
stagnation point (towards clearance face) respectively. 
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Figure 5.2. Spatial velocities on the stagnation point and flow retardation zone are zero and 
close to zero respectively. For a = 2-20 µm, stagnation point angles, δs = δsv. (Examples are 
shown for (a) γ = +10°, a = 10 µm, V = 100 m/min; (b) γ = 0°, a = 14 µm, V = 250 m/min; 
and (c) γ = -10°, a = 18 µm, V = 500 m/min.)    
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  As illustrated in Figure 5.3, the two series of shear components are operated 
against the sliding vectors on the tool edge radius, but in opposing directions that 
counterbalanced with each other on the rounded edge curvature. This is reflected 
from the abrupt change in frictional shear vectors on a neutral spot of the tool edge 
radius. From the vector plots of frictional shear contact, the neutral point could be 
determined from the contact analysis with the angular measurement with respect to 
the vector of the thrust force denoted as δsf.    
 
By comparing the analyses of spatial velocity and frictional shear contact, it 
was indeed interesting to encounter that δsf is equal to δsv and thus δs for different 
tool rake angles, cutting speeds and undeformed chip thicknesses:  
 δsf = δsv = δs                                                                                                              (5.2) 
Such findings imply that the flow stagnation phenomenon could be attributed to the 
counterbalance of frictional shear contact components during material separation, 
which leads to the seizure in material flow eventually. It has significant influences 
on the stick-slide activities and more importantly cutting tool wear, as addressed in 
the following section.  
 
Through the extensive analyses of frictional shear contact, the stagnation 
angles under r = 5 and 10 µm   a = 2 to 20 µm (with an interval of 2 µm), V = 100, 
250, 500 m/min and γ = +10°, 0°, -10° are unanimously determined as a constant of 
58.5° ± 0.5°. Selected results are depicted in Figures 5.4, 5.5 and 5.6 for γ = +10°, 0° 
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Figure 5.3. Counterbalance of two different types of shear contact components on the 
stagnation point. For a = 2-20 µm, stagnation point angles, δs = δsf. (Examples are shown for 
(a) γ = +10°, a = 10 µm, V = 100 m/min; (b) γ = 0°, a = 14 µm, V = 250 m/min; and (c) γ = -
10°, a = 18 µm, V = 500 m/min.) 
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Figure 5.4. Constant stagnation point angle, δsf  = δs = 58.5°±0.5° for undeformed chip 
thickness, a = (a) 20 µm; (b) 18 µm; (c) 16 µm; (d) 14 µm; (e) 12 µm; (f) 10 µm; (g) 8 µm; 
(h) 6 µm; (i) 4 µm; and (j) 2 µm at tool rake angle, γ = +10°.    
 
 
Figure 5.5. Constant stagnation point angle, δsf  = δs = 58.5°±0.5° for undeformed chip 
thickness, a = (a) 20 µm; (b) 18 µm; (c) 16 µm; (d) 14 µm; (e) 12 µm; (f) 10 µm; (g) 8 µm; 
(h) 6 µm; (i) 4 µm; and (j) 2 µm at tool rake angle, γ = 0°.    
Contact Phenomenon 
            
 80
 
Figure 5.6. Constant stagnation point angle, δsf  = δs = 58.5°±0.5° for undeformed chip 
thickness, a = (a) 20 µm; (b) 18 µm; (c) 16 µm; (d) 14 µm; (e) 12 µm; (f) 10 µm; (g) 8 µm; 
(h) 6 µm; (i) 4 µm; and (j) 2 µm at tool rake angle, γ = -10°.    
 
It is evident that the position of flow stagnation is utterly unaffected by the 
changes in tool geometries or machining conditions. Indeed, it is more likely to be 
governed by the tool-work mechanical and chemical properties and thus, the 
corresponding tribological properties that determine the position where both 
frictional shear contact components are met and subsequently neutralizing each 
other on the tool edge radius. 
 
5.2 Contact Stress and Stick-Slide Regions  
 
 When the tool-edge radius effect was neglected in conventional machining, 
the stick-slide regions were claimed to distribute over two separate regions of 
comparable length (Zorev, 1963) that bring about the total tool-chip contact length. 
The sticking region was believed to occur in the portion of the rake face closer to the 
Contact Phenomenon 
            
 81
perfectly sharp cutting edge while for the sliding region to exist on the upper rake 
face next to the sticking region, further away from the cutting edge (Klushin, 1958).      
 
In contrast, this study discovered that sticking and sliding happen on three 
distinctive regions in tool-based micromachining. Figure 5.7 illustrates such stick-
slide interactions on the contact interfaces at three different time steps. Sliding is 
associated with the corresponding slip rates while the slip rate during sticking is 
virtually zero or negligible. It should be noted that sticking is concentrated on the 
tool edge radius while sliding takes place next to the sticking region. 
 
 
Figure 5.7. Stick-slide interactions on 3 different regions along the contact interfaces at 
different time steps, t = (a) 30 µs; (b) 40 µs; and (c) 50 µs. Sticking is mainly concentrated 
on the rounded tool edge while sliding happens above and below the sticking region on the 
rake and clearance faces. (Example is shown for γ = +10°, a = 8 µm, V = 100 m/min)  
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The sticking and sliding regions are schematically summarized in the contact 
model as shown in Figure 5.8(a).The Sticking Region (b-x) is inclusive of the 
Stagnation Region (a-w) that coexists on the rounded tool edge with the stagnation 
point (o) in the centre of both regions. Two sliding regions, Sliding Region I (b-d) 
and Sliding Region II (x-z) are located adjacent to the Sticking Region on the sides 
of the rake and clearance faces respectively in which both regions are made up of 
primary and secondary regimes. The Primary Sliding Region I (b-c) and Secondary 
Sliding Region I (c-d) are situated partially on the upper tool edge and the rake face 
while the Primary Sliding Region II (x-y) and Secondary Sliding Region II (y-z) are 
found on the lower tool edge and the clearance face.  
 
The division of stick-slide regions is believed to be related directly to the 
degrees of separation between the contacting interfaces as determined by the contact 
pressure, σn. The distribution of σn and its intensity vary on different locations on the 
cutting tool including the rounded curvature of the edge, the rake and clearance 
faces. Variations in σn would influence the distribution of frictional shear contact 
stress, τf as well as the occurrence of sticking and sliding events. The distributions of 
τf that corresponded with the stick-slide regions are plotted in Figure 5.8(b).  
 
Two levels of τf are encountered on the Sticking Region (b-x). The maximum 
magnitude of τf that approaches the material shear flow stress, kf could be found on 
a-b and w-x. Such high intensity of τf is attributed to the strong indenting action 
imposed by the rounded edge curvature (Figure 5.9) which leads to tight contact 
interactions around the chip root region. On the other hand, τf on the stagnation 
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region (a-w) was negligible (zero or close to zero) due to the counterbalancing of 
shear contact components during material separation as discussed in Section 5.1.  
 
 
Figure 5.8. Distributions of (a) Sticking Region (b-x), Sliding Region I (b-d) and Sliding 
Region II (x-z) on the cutting tool and; (b) Corresponding frictional shear contact stress on 
(b-x), (b-d) and (x-z). Stagnation Region (a-w) is contained within the Sticking Region 
with the Stagnation Point (o) as the centre of the regions while both Sliding Regions I and II 
are consisted of primary and secondary regions.   
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Figure 5.9. Impositions of high normal pressure perceived as indenting actions by the 
rounded curvature of tool edge radius. (a) r = 10 µm, γ = +10°; (b) r = 10 µm, γ = 0°; (c) r = 
10 µm, γ = -10°; (d) r = 5 µm, γ = +10°; (e) r = 5 µm, γ = 10°; and (f) r = 5 µm, γ = +10°. 
Note that a larger r imposes greater density of normal pressure than that of a smaller r.             
 
Therefore, sticking happens when the upper limit (kf) or lower limit (0) of τf 
are reached. On both sides of the Sticking Region towards the rake and clearance 
faces, σn reduces gradually due to the rounded geometric feature of the tool edge 
radius and resulted in a drop of τf. As a result, sliding is initiated when τf decreases 
from the maximum value of kf to a constant magnitude of 0.8-0.9kf on the Primary 
Sliding Region I (b-c) and the Primary Sliding Region II (x-y). Although τf is 
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slightly reduced, the constancy of τf over the primary sliding regions is maintained 
because the indenting actions remain effective along the primary sliding regions and 
sticking region (c-y). Further apart from the stagnation point (o) beyond c-y, τf   
drops off gradually over the Secondary Sliding Region I (c-d) and Secondary 
Sliding Region II (y-z) on the rake and clearance faces respectively. Chip curvature 
is developed at c which leads to the decreases in σn and the corresponding increases 
in the degrees of separation. As the chip is curled away from d eventually, contact-
interaction on the rake face is ceased while the corresponding σn and τf  drop to zero. 
 
 In addition, secondary slide on Sliding Region II is attributed to rubbing on 
the clearance face after elastic recovery which is initiated at y, and ends at z. 
However, τf on the Secondary Sliding Region II drops more rapidly than τf on the 
Secondary Sliding Region I. This is because interaction aroused from elastic 
recovery is constraint in both directions from the clearance face and machined 
surface but chip curl is only constraint in one direction from the rake face and not 
from the other side on the chip free boundary. Therefore, an increase in undeformed 
chip thickness would lead to a corresponding increment in contact length through 
the extension of Secondary Slide Region I on the rake face.  
 
 
5.3 Stick-Slide Characteristics  
 
In micromachining, contact length, Lc is advanced in two successive stages 
from the preliminary tool-work engagement that initiates chip formation (Stage-I) to 
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the subsequent promotions of chip growth when the steady-state is achieved (Stage-
II). As illustrated in Figure 5.10, Stage-I represents the early stage of the process 
while Stage-II is in the later stages after a relatively more stable contact length is 
reached by the end of Stage-I. Both Stage-I and Stage-II mark distinguishable 
differences in the degree of process maturity.      
 
 
Figure 5.10. Development of tool-chip contact length, Lc in two distinct stages, Stage-I and 
Stage-II with varying characteristics: (1) Sliding-I; (2) Sticking and; (3) Sliding-II. 
 
From such observation, it is believed that the term ‘steady-state condition’ in 
metal machining has been loosely defined in the past as “average values of the 
cutting force, the tool life, the quality of machining, etc. (Astakhov et al, 1997)”. 
Instead, it should be related to the achievement of stable tool-chip contact lengths 
where only under such a stabilized contact condition that the deformation regions 
would be fully developed and resulted in the saturation of machining forces after the 
process has become sufficiently mature.    
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Nevertheless, a true steady-state condition is not possible in tool-based 
machining, be it in the scales of macro or micro. This is mainly due to the dynamic 
nature of contact stress distributions during chip formation that governs the behavior 
of contact length development, essentially in the aspect of sticking and sliding 
characteristics. As shown in Figure 5.10, tool-chip contact length is developed 
progressively through a two-stage advancement consists of a combination series of 
instantaneous sticking and sliding. Under the frictional shear conditions of τf = kf or 
τf = 0 (Section 5.2), sticking involves a constant magnitude of Lc while during τf < kf, 
Lc either decreases (Sliding-I) or increases (Sliding-II). These characteristics are 
summarized in Table 5.1.  
 
Table 5.1. Summary of the stick-slide characteristic in tool-based micromachining.  
 
 
Examples of the tool-chip contact length, Lc evolution for tool edge radius, r 
of 5 µm and 10 µm are illustrated in Figures 5.11 and 5.12 respectively at 
undeformed chip thickness, a from 2 µm to 20 µm (with an interval of 2 µm) and 
tool rake angle, γ = +10°, 0° and -10°. The resultant ranges of a/r are thus i) 0.4, 0.8, 
1.2…4.0 and ii) 0.2, 0.4, 0.6…2.0 for r of 5 µm and 10 µm respectively. 
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The variations in tool rake angle from positive to negative have profound 
influences on the stick-slide behavior as the contact length is developed. With the 
change of γ from +10° to -10°, it is noticeable that more time is required to proceed 
from Stage-I to Stage-II. As the chip flow vector varies dynamically along the 
rounded edge curvature and eventually becomes stable as the chip reaches onto the 
rake face, the changes in γ prolongs the time required due to the diversion of chip 
flow motion away from the cutting tool with negative rake angles. For the same 
reason, the use of +γ facilitates chip sliding on the rake face subsequent to initial 
material separation, by acting as a supporting platform during chip flow. With +γ, 
geometrical transition from the rounded edge curvature to the tool rake face is more 
gradual compared to that of -γ. The increase in tool rake negativity elevates the 
inclination of chip flow towards gravity that reduces the momentum of chip flow 
motion. One way or another, the tool edge radius effect plays a significant role on 
the chip flow vector as discussed in Section 5.1.      
 
The significance of such effect could also be seen from the variations in 
undeformed chip thickness (and therefore a/r). For the cases of effective positive 
rake angle, +γeff at a/r ≥ 0.4, Lc increases rapidly in Stage-I with initial material 
separations and flow along the rounded edge that resulted in +γeff when the steady-
state is reached in Stage-II. Thereafter during Stage-II, the increasing trends of Lc 
become more gradual with higher frequency of intermittent stick-slide activities 
after contact is established on the rake face. This is especially significant for sticking 
when the saturation in contact length development is reached while the 
corresponding sticking duration is longer at higher a/r. In general, the contact 
conditions are relatively more stable in Stage-II at higher a/r.  
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Figure 5.11. Examples of time-history plot of contact length evolutions for tool edge radius, 













Figure 5.12. Examples of time-history plot of contact length evolutions for tool edge radius, 
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At a/r of 0.2, contact interaction is concentrated on the tool edge radius 
under effective negative rake angle, -γeff. Contact length increases at lower rates in 
Stage-I followed by high fluctuations of Sliding-I and Sliding-II in Stage-II, while 
Sticking lasts for shorter durations compared to that of higher a/r. Such 
combinations of sticking and sliding activities are perceived as contact instabilities 
as the chip is merely leaning against the rounded edge curvature, without sufficient 
support on the rake face. But this situation is not similar with the use of -γ.        
 
Indeed, contact length is developed more steadily with γ of increasing 
negativity that could be attributed to the normal contact pressure, σn on the tool rake 
face. Intense σn induced on –γ tool rake face is considerably compressive that could 
stabilize the contact conditions by moderating the momentum of the chip flow 
motion. In contrast, the chip is supported passively on the rake face with the use of 
+γ that is seemed to provide a lifting action on the chip. This could lead to a less 
stable contact condition as the chip free boundary is left unconstrained from the 
opposite direction. Figure 5.13 depicts the contact actions of –γ and +γ cutting tools. 
  
 
Figure 5.13. Variations in the vector of normal contact pressure, σn on tool rake of different 
rake angles. (a) Negative rake angle, γ = -10°; and (a) Positive rake angle, γ = +10°.    
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5.4 Tool-Chip Contact Length: A Linear Regression Analysis  
 
The magnitudes of average contact length, Lc are plotted in Figures 5.14 and 
5.15 for tool edge radius, r of 10 µm and 5 µm respectively. In general, contact 
length Lc evolves linearly with the variations in undeformed chip thickness, a. But 
the degree of such linear responses varies with the use of different r and also 
different combinations of tool rake angle, γ and cutting speed, V. The influences of 
each factor on Lc can thus be determined from the linear regression analysis.  
 
Tables 5.2 and 5.3 summarize the linear relationships between contact length, 
Lc and undeformed chip thicknesses, a for the two categories of r of 10 μm and 5 μm 
respectively. The response variable of the linear model is Lc while the input variable 
is a. The corresponding coefficient of determination, R2 is also provided for 
reference. R2 indicates the goodness of global data fitting for the full range of a that 
derive each model, R2 = 1.0 being a perfect fit.  
 
The complex tool-chip contact phenomenon is reflected from the slope of the 
straight line as the slope appears to be the primary parameter which represents the 
general trend and also the strength of the linear relationship. Through this, it governs 
the response of the straight line towards the variations of independent variables and   
serves as a collective index which reflects the influences of tool edge radius, tool 
rake angle and cutting speed on Lc.   
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Figure 5.14. Linear evolutions of contact length with undeformed chip thickness for tool 
edge radius of 10 µm.  
   
 
Figure 5.15. Linear evolutions of contact length with undeformed chip thickness for tool 
edge radius of 5 µm.  
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Table 5.2. Linear relationships between contact length, Lc and undeformed chip thickness, a 
for tool edge radius of 10 µm, at different cutting speeds and tool rake angles.  















Lc = 2.17a + 11.42 
R2 = 0.9952 
 
 
Lc = 1.87a + 12.08 
R2 = 0.9996 
 
 
Lc = 1.78a + 12.10 






Lc = 2.77a + 12.03 
R2 = 0.9977 
 
 
Lc = 2.50a + 11.95 
R2 = 0.9989 
 
 
Lc = 2.36a + 11.97 






Lc = 4.15a + 9.46 
R2 = 0.9977 
 
 
Lc = 3.50a + 10.42 
R2 = 0.9983 
 
 
Lc = 3.18a + 11.41 
R2 = 0.9969 
 
  
Table 5.3. Linear relationships between contact length, Lc and undeformed chip thickness, a 
for tool edge radius of 5 µm, at different cutting speeds and tool rake angles.  















Lc = 2.05a + 8.11 
R2 = 0.9969 
 
 
Lc = 1.89a + 8.40 
R2 = 0.9955 
 
 
Lc = 1.88a + 7.51 






Lc = 2.90a + 7.11 
R2 = 0.9982 
 
 
Lc = 2.53a + 7.97 
R2 = 0.9972 
 
 
Lc = 2.43a + 7.39 






Lc = 4.21a + 6.38 
R2 = 0.9984 
 
 
Lc = 3.64a + 6.59 
R2 = 0.9979 
 
 
Lc = 3.22a + 7.77 
R2 = 0.9929 
 
   
From linear regression analysis, it was found that the combination of 
negative rake angle (-10°) and low cutting speed (100 m/min) produces greater slope 
values while the combination of positive rake angle (+10°) and high cutting speed 
(500 m/min) yields lower slope values. Such findings are universal with the use of 
both tool edge radius of 10 μm and 5 μm that are ranging from 1.78 to 4.15 and 1.88 
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to 0.97 (avg. = 0.590) as cutting speed decreases from 500 m/min, 250 m/min to 100 
m/min at rake angles +10°, 0° and -10° respectively. Additionally for r = 5μm, the 
variation of slope increases from 0.17, 0.47 to 0.99 (avg. = 0.543) as cutting speed 
decreases from 500 m/min, 250 m/min to 100 m/min at rake angles +10°, 0° and -
10° respectively. This indicates that the sizes of tool edge radius r of 5 μm and 10 
μm have similar levels of influence on the average contact length but tool rake angle 
plays an increasingly influential role at lower cutting speeds.  
 
For instance for r of 10 μm, the variation of slope increases from 1.40, 1.63 
to 1.98 (avg. = 1.670) as rake angle reduces from +10°, 0° to -10° at V of 500 m/min, 
250 m/min and 100 m/min respectively. Similarly for r of 5 μm, the variation of 
slope increases from 1.34, 1.75 to 2.16 (avg. = 1.750) as rake angle reduces from 
+10°, 0° to -10° at V of 500 m/min, 250 m/min and 100 m/min respectively. Such 
findings reconfirm the significant influences of tool rake angles on contact length 
evolutions at low cutting speeds while the close average values in variation of slope 
for r of 10 μm and 5 μm in this context has again, pointed out similar degrees of 
influence on tool edge radius effect at r of 10 μm and 5 μm.  
 
From these findings, an important indication regarding the significant 
influences of tool rake angle on tool-chip contact length is reflected from the greater 
average variations when tool rake angle is reduced from +10° to -10° (1.670 at r = 
10 μm and 1.750 at r = 5 μm) compared to that as cutting speed is decreased from 
500 m/min to 100 m/min (0.590 at r = 10 μm and 0.543 at r = 5 μm).  
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More importantly, it should be noted that the effect of tool edge radius has a 
consistent influence on the contact length in all cases. This phenomenon is indicated 
from the intercepts of all linear models ranging from 9.46 to 12.10 (avg. = 11.43) for 
r of 10 μm and 6.38 to 8.40 (avg. = 7.47) for r of 5 μm. If the values of the intercept 
could represent the intensity of such effect, the analysis could be interpreted 
logically that a larger tool edge radius has slightly greater influence on the average 
contact length comparing to that of a smaller tool edge radius in the steady-state. In 
addition, the tool edge radius effect is less affected by cutting speed than that of tool 
rake angle. As it was determined that the average variations of intercept are 0.9033 
and 1.047 for r of 10 μm and 5 μm respectively when cutting speed is varied from 
100 m/min to 500 m/min as a comparison to 1.437 and 1.307 for r of 10 μm and 5 
μm respectively when rake angle is varied from +10° to -10°.    
 
 
5.5 Tool Wear Phenomenon of Edge-Radiused Cutters 
 
 In the investigation of the tool wear phenomenon of ‘edge-radiused’ cutting 
tools, Kountanya and Endres (2004) reported an evolving geometry of a cutting tool 
following continuous wearing on the rake and clearance faces (Figure 5.16). Their 
study was focused on ‘edge-radiused’ tools with a wide range of r from 8 µm to 128 
µm. At a/r < 1, the authors encountered a preliminary decreasing trend of cutting 
force with an increase in flank wear until the wear land reached a magnitude of 4-5 
times of r, the force began to increase again. They have thus attributed such findings 
to the ‘edge-sharpening’ effect on WC-Co cutters. 
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Figure 5.16. Crater and flank wear on an ‘edge-radiused’ cemented carbide cutting tool. 
(after Kountanya and Endres, 2004) 
 
 As all carbide tools are associated with different degrees of edge roundness 
in nature, the experimental outcome of Kountanya and Endres (2004) is of great 
practical importance as process control through cutting force could be carried out 
more efficiently through the understanding of the wear-force relationship proposed. 
However, the origin of such tool wear phenomenon was not disclosed by the authors.         
 
 In this regard, it is believed that the tool wear phenomenon of ‘edge-
radiused’ cutting tools could be explained with the contact model in Section 5.2. As 
presented in Figure 5.17, crater wear on the rake face (i) corresponds to the Sliding 
Region I (i’). Additionally, flank wear on the clearance face (ii) is interrelated with 
the Sliding Region II (ii’) as highlighted with the green boundary. The unworn tool 
edge curvature (iii) could then be orientated with the Sticking Region (iii’).  
 
Crater wear and flank wear are developed in both the sliding regions due to 
the chip flow motion on the rake face in Sliding Region I and the rubbing action on 
the clearance face (after elastic recovery) in Sliding Region II respectively because 
tool wear is essentially originated from abrasion and adhesion (Childs et al., 2000). 
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As discussed in Section 5.1, the two series of frictional shear force following 
material separation would bring about constant abrasion on the rake and clearance 
faces that would lead to the development of crater and flank wear on the cutting tool. 
Alongside progressive chip growth, the development of tool wear is also facilitated 
with adhesion following sufficient frictional heat is generated in the sliding regions.   
        
Figure 5.17. Relationship between the wear phenomenon of ‘edge-radiused’ tools and the 
contact phenomenon in micromachining. (a) Experimental findings of Kountanya and 
Endres (2004); and (b) Contact model for micromachining as proposed in Section 5.2.        
 
 Through the rendering of synchronized frictional shear components beyond 
the flow stagnation zone, the portion of tool edge radius within the sticking region is 
not subjected to external frictional shear loadings. Thus, rounded tool edge within 
this region is virtually free of tool wear because abrasion and adhesion are avoided.  
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 As both the rake and clearance faces undergo continuous tool wear while the 
large fraction of tool edge radius is protected from similar tool damage, the cutter 
then becomes progressively sharper in which Kountanya and Endres (2004) have 
coined such phenomenon as the ‘edge-sharpening’ effect. Therefore, such tool wear 
phenomenon at a/r < 1 could be related to the stick-slide activities and the contact 





This chapter is focused on the tool edge radius effect on the contact 
phenomenon. Material separation is found to be affected significantly following the 
counterbalancing of two different series of frictional shear contact components with 
opposing operating vectors around the flow stagnation zone with a constant 
stagnation point angle, irrespective of the changes in tool rake angle and cutting 
speed. In this context, the geometrical effect of the tool edge radius remains as the 
most governing factor of the material separation behavior because that is the part of 
the cutting tool where material separation takes place. As long as the changes in 
condition induced, be it tool rake angle or cutting speed do not vary the geometry of 
the tool edge curvature, the contact phenomenon and material separation behavior 
would be maintained.         
 
Associated with the inductions of intense contact pressure, three distinct 
stick-slide regions are realized along the contact interface with varying magnitudes 
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of frictional shear contact stress. A contact model is proposed to describe such 
contact phenomenon which could also be correlated to the tool wear phenomenon in 
cutting tools with rounded edges. It is important to understand the characteristics of 
contact stress distributions as the behavior of linear contact length evolutions is 
essentially governed by intermittent sticking and sliding activities.    
    
 
Chapter 6 




The differences in the behavior of chip formation between conventional 
machining and micromachining are widely acknowledged in recent years. Such 
differences are believed to be driven by the tool edge radius effect, as originated 
from the great size variations between a and r. The present discussion is focused on 
the chip formation behavior of tool-based micromachining for a wide range of a/r. 
 
 
6.1 Transitional Chip Formation Behavior  
 
With the significance of tool edge radius effect, the sole emphasis on 
undeformed chip thickness (orthogonal cutting) or feed rate (oblique cutting) is not 
practical in micromachining. Through the decrease of a/r, either by reducing a, 
increasing r, or the simultaneous manipulations of both, the effect of tool edge 
radius is amplified, which affects the chip formation behavior involved.   
 
The change in chip formation behavior in this context is referred to the 
transition in plastic deformation with varying a/r. Figures 6.1, 6.2 and 6.3 illustrate 
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such characteristics in the form of von Mises stress (equivalent stress) distributions 
at different cutting speeds, V of 100 m/min, 250 m/min and 500 m/min respectively. 
Von Mises stress is the scalar measure of plastic flow based on the von Mises yield 
criterion (von Mises, 1913) when ductile materials fail through their yield strength. 
For brevity, each case includes three levels of tool rake angle, γtool of +10°, 0° and -
10° at a selected range of a/r from above unity (1.8) to below unity (0.4).  
 
In tool-based machining, plastic deformation is induced by the cutting tool 
along the tool-work contact length. At a/r > 1, such external loading is imposed by 
the tool rake face and tool edge radius. During the operation, intense plastic 
deformation takes place ahead of the rounded edge curvature which results in chip 
formation around the chip root region. The chip root region could be approximated 
by the shape and size of the tool edge radius. At the same time, a secondary 
deformation zone is established along the rake face which is seen to merge with the 
chip root region. The presence of secondary deformation zone is maintained along 
the process in which chips are produced continuously. 
 
Under external loading and chip overhang, the deformation zone around the 
chip root region spreads towards the turning point of the chip free boundary 
associated with subsurface plastic deformation due to the tool edge radius. The 
whole deformation region is represented by the concentrated equivalent stress 
distribution, confined within a pair of parallel sided boundaries commonly known as 
the primary deformation zone. Such plastic deformation behavior is encountered at 
different γtool and a/r > 1, as illustrated in a1-a3 and b1-b3 of Figures 6.1, 6.2 and 
6.3 for V of 100 m/min, 250 m/min and 500 m/min respectively. 
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Figure 6.1. Transitions in plastic deformation behavior with decreasing a/r, using different 
tool rake angles, γtool  of +10°, 0° and -10° at the cutting speed, V of 100 m/min: (a-b) a/r > 
1.0; (c) a/r = 1.0; (d-e) a/r < 1.0.       
  
 
Figure 6.2. Transitions in plastic deformation behavior with decreasing a/r, using different 
tool rake angles, γtool  of +10°, 0° and -10° at the cutting speed, V of 250 m/min: (a-b) a/r > 
1.0; (c) a/r = 1.0; (d-e) a/r < 1.0.        
 
Chip Formation Behavior 
            
 104
 
Figure 6.3. Transitions in plastic deformation behavior with decreasing a/r, using different 
tool rake angles, γtool  of +10°, 0° and -10° at the cutting speed, V of 500 m/min: (a-b) a/r > 
1.0; (c) a/r = 1.0; (d-e) a/r < 1.0.        
 
As a/r is decreased to 1.0, materials in the vicinity of the rounded edge 
curvature undergoes a more localized plastic deformation. The size of the secondary 
deformation zone shrinks due to the reductions of tool-chip contact length. As a 
result, a relatively larger fraction of primary deformation zone is realized. The 
transition of plastic deformation behavior from that of the previous case at a/r > 1, to 
the increasingly localization of plastic flow is directly related to the decrease in a/r 
from a/r > 1.0 to a/r = 1.0. Such behavior at a/r = 1.0 are encountered for various 
γtool as illustrated in c1-c3 of Figures 6.1, 6.2 and 6.3.  
 
Further decreasing a/r from 1.0 leads to the increasingly aggressive changes 
in the behavior of plastic deformation. It should be noted at a/r < 1.0, external 
loading is primarily imposed by the rounded edge curvature, leading to the 
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formation of a large primary deformation zone ahead of the tool edge radius. With 
the ductility of medium carbon steel, chip growth takes place around the tool edge 
radius in the following stages instead of fragmentation that increases the chip size 
constantly. At the same time, contact length increases as the chip extends onto the 
tool rake face through intermittent sticking-sliding activities which brings forth a 
small secondary deformation zone. After the stable contact length is achieved, the 
primary deformation zone appears to have a larger relative size and thickness 
compared to that of the secondary deformation zone, akin to the merger of both 
deformation zones. Chip formation at a/r < 1 exhibits such a transitional 
deformation behavior as contact length reduces with decreasing a/r as illustrated by 
d1-d3 (a/r = 0.6) and e1-e3 (a/r = 0.4) in Figures 6.1, 6.2 and 6.3 for V of 100 
m/min, 250 m/min and 500 m/min respectively. 
 
Up till this stage, the discussion on the transitions of plastic deformation 
behavior has been focusing on the range of a/r that leads to the formation of 
effective rake angle, +γeff equivalent to the nominal tool rake angles, γeff  = γtool. As 
explained in Chapter 5, the true state of time invariant stress distributions could only 
be realized after the secondary deformation zone is formed, provided a stable contact 
length is achieved. These cases where γeff  = γtool occurs extensively at a/r ≥ 0.4 
disregard the magnitudes or intensities of r, V and γtool. Therefore, γeff for γtool = -10° 
is approximated to -10°; γeff for γtool = 0° is approximated to 0°; and similarly γeff for 
γtool = +10° is approximated to +10° respectively because chip flow is extended onto 
the tool rake face under steady-state machining condition.  
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More drastic changes in chip formation behavior with decreasing a/r is 
encountered at a/r of 0.2 under effective negative rake angle, -γeff. The chip grows 
along the rounded edge curvature but could not extend on to the tool rake face even 
after the stable contact length is reached. The magnitude of γeff changes constantly 
since early stages and then becomes highly negative in subsequent stages of chip 
growth. Figure 6.4 depicts chip formation under -γeff at a/r = 0.2 with the comparison 
to that under +γeff at a/r = 0.4, both with the used of γtool = +10°.  
 
 
Figure 6.4. Contour plots of von Mises stress distributions under different effective rake 
angles, γeff. (a) Effective positive rake angle, +γeff at a/r = 0.4; and (b) Effective negative 
rake angle, -γeff at a/r = 0.2. A nominal tool rake angle γtool of +10° is used in both (a) and (b).   
 
Under -γeff, the equivalent stress becomes highly localized in front of the tool 
edge radius and resulted in the sole establishment of primary deformation zone. 
Stress localization promotes severe plastic deformation associated with intense 
compressive stress imposed by the rounded edge curvature, which transforms the 
mechanism from concentrated shear deformation into an extrusion-like behavior. 
Such transition in mechanism is unanimously encountered for various combinations 
of process parameters as illustrated in Figure 6.5. Detailed descriptions of the 
extrusion-like behavior are included in Chapter 8.   
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Figure 6.5. Highly localized plastic deformation ahead of the tool edge radius under 
effective negative rake angles, -γeff. Such phenomenon is encountered for different 
combinations of machining conditions at a/r = 0.2. (a-b-c) represents V of 500 m/min, 250 
m/min, 100 m/min and (1-2-3) denotes γtool of +10°, 0°, -10°.             
 
These findings clarify the tool edge radius effect on the chip formation 
mechanism, also the prerequisite for the formation of -γeff at a/r < 1.0. Indeed, the 
purpose of using large nominal positive and negative tool rake angles and a wide 
range of a/r with constant interval were meant to prove such a conjecture. 
 
 
6.2 Deformation Intensity of the Primary Deformation Zone  
 
In the previous section, it has been examined qualitatively that a constant 
descent in a/r will bring about a gradual transition in chip formation behavior. 
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Driven by the tool edge radius effect on the contact phenomenon, such transitional 
behavior is highly related to the variations in tool-chip contact length, Lc. In this 
regard, the increase in Lc causes an immediate expansion of secondary deformation 
zone adjacent to the rake face while the primary deformation zone (PDZ) is 
inevitably expanded through a ‘subsequent process’ where external loading is 
imposed on a larger area on the rake face and then, transmitted across the PDZ to the 
chip free boundary. The intensity of plastic deformation would therefore increase 
with reducing γtool from +10° to -10°, as reflected from the enlarging PDZ.   
 
In the present context, the term ‘intensity’ is merely a general description for 
plastic deformation. With increasingly more dominating tool edge radius effect  with 
decreasing a/r beyond 1.0, the intensity of localized deformation increases 
correspondingly ahead of the tool edge radius alongside the formation of effective 
negative rake angle, -γeff. Such progressive elevation of localized deformation on a 
small volume of work materials (at finer a) would thus present another form of 
intensity increment on the plastic deformation of the PDZ. A typical von Mises 
stress distribution which represents the PDZ, also the major flow stress region in 
tool-based machining is illustrated in Figure 6.6.   
 
With the ALE-FE model, characterization of the deformation behavior is 
attempted through the measurement of PDZ from its i) width; ii) thickness; and iii) 
depth. The dimension of each aspect and/or their respective combinations 
corresponds to the variations in tool geometries and machining parameters which 
govern the physics of the micromachining process. Thus, the understanding of such 
characteristics could be favorable in many practical applications.       
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Figure 6.6. Characterization of the primary deformation zone (PDZ) from its width, 
thickness and depth.  
 
6.2.1 Width of PDZ  
 
The width of primary deformation zone, WPDZ is measured horizontally 
from the border of the flow stress region below the cutting tool, across the area that 
constitutes the chip root, to the opposite border of the flow stress region in the 
vicinity of the turning point of chip free boundary. Figures 6.7, 6.8 and 6.9 illustrate 
the evolutions of WPDZ at cutting speeds, V of 100 m/min, 250 m/min and 500 
m/min respectively. At each level of V, the full range of undeformed chip thickness, 
a = 2, 4, 6…20 µm; tool rake angle, γ = -10°, 0°, +10° and tool edge radius, r = 5 
and 10 µm are comprehensively examined. 
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 Tables F.1, F.2, and F.3 (Appendix F) summarize the linear models between 
WPDZ and a, at V of 100 m/min, 250 m/min and 500 m/min respectively. In a 
whole, WPDZ increases with a in a general trend of linear proportion. But the linear 
responses vary for different combinations of process parameters as the nature of 
plastic deformation differs from a particular combination of parameters to the other. 
The response variable of the linear model is WPDZ and the input variable is a. Each 
model is associated with its underlying coefficient of determination, R2 to indicate 
the wellness of the linear data fittings. Through these linear relationships, the 
influences of each parameter on WPDZ and/or their combinations would thus be 
reflected from the slopes and constant interceptions of the straight lines.             
 
 
Figure 6.7. Linear evolutions of WPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 100 m/min.    
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Figure 6.8. Linear evolutions of WPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 250 m/min.    
 
 
Figure 6.9. Linear evolutions of WPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 500 m/min.    
 
At a first approximation, the tool rake angle, γ has the greatest effect on the 
slope magnitudes. Changing γ from positive to negative, the slope magnitudes vary 
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from approximately 3.0, 4.0 and 5.0 for γ = +10°, 0° and -10° respectively. Such 
findings are unanimously observed for different combinations of r and V. The slope 
magnitudes are ranging from 2.80 to 4.76 for r = 10 μm and 2.97 to 4.84 for r = 5 
μm at the combinations of reducing γ and increasing V. But the effect of cutting 
speed is less significant. As it was determined that the slope magnitudes at different 
levels of cutting speed have slight variations, for instance: at γ = +10°, 2.80 - 2.93 (r 
= 10 μm) and 2.97 - 3.16 (r = 5 μm); at γ = 0°, 3.66 - 3.83 (r = 10 μm) and 3.73 - 
3.98 (r = 5 μm); at γ = -10°, 4.44 - 4.76 (r = 10 μm), 4.63 - 4.84 (r = 5 μm). 
 
 On the other hand, the tool edge radius effect on the magnitudes of line 
interception is also noteworthy. Large r of 10 µm is having a constant and virtually 
dominating effect on WPDZ. At various combinations of γ and V, the magnitudes of 
interception ranging from 25.36 to 26.21, 24.40 to 25.26 and 24.01 to 25.55 for V = 
100 m/min, 250 m/min and 500 m/min respectively are obtained. However, the same 
level of influence was not observed for smaller r of 5 µm. Comparisons under 
similar conditions for r = 5 µm yield the magnitudes of interception that range from 
15.07 to 21.35, 15.00 to 19.29 and 16.85 to 18.93 for V = 100 m/min, 250 m/min 
and 500 m/min respectively. The interceptions are seen to be affected more by the 
changes in γ with the used of smaller r. 
 
Thus, it could be deduced that the effect of tool edge radius on WPDZ could 
be suppressed by the effect of tool rake angle. This observation is more significantly 
reflected from the great increases in the magnitudes of interception when r is 
increased from 5 to 10 µm under similar machining conditions. Such observation is 
valid for all cutting speeds. Taking the category V = 500 m/min for example, the 
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magnitudes of interception increase from 17.22 to 25.28, 16.85 to 24.01, 18.93 to 
25.55 for γ = +10°, 0° and -10° respectively. The variations decrease with reducing 
tool rake angles as the tool edge radius effect at small r is suppressed.      
 
6.2.2 Thickness of PDZ  
 
The thickness of primary deformation zone, TPDZ is measured within a pair 
of parallel borders from an angle between the horizontal axis that envelop the top 
and bottom of the flow stress region. The angle between the borders of PDZ and the 
horizontal axis is known as the shear angle, a common feature in machining process.   
 
 The evolutions of TPDZ at cutting speeds, V of 100 m/min, 250 m/min and 
500 m/min are depicted in Figures 6.10, 6.11 and 6.12 respectively. At each cutting 
speed, the parameters and the range involved are: undeformed chip thickness, a = 2, 
4, 6…20 µm; tool rake angle, γ = -10°, 0°, +10° and tool edge radius, r = 5 and 10 
µm. Similar to WPDZ, TPDZ increases linearly with a where the characteristics of 
such linear relationship vary with different combinations of process parameters.  
 
 The linear relationships between TPDZ and a at different V of 100 m/min, 
250 m/min and 500 m/min are summarized in Tables F.4, F.5 and F.6 respectively in 
Appendix F. Each linear model is consisted of TPDZ and a as the response variable 
and input variable respectively alongside the coefficients of determination, R2. The 
influences of each parameter and/or their combinations on TPDZ would be 
quantitatively evaluated from the slopes and interceptions of the straight lines.  
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 In general, changes in γ induce greater variations in the slope magnitudes. At 
low cutting speed of 100 m/min, the slope magnitudes vary from 1.09 to 1.87 (|∆| = 
0.78) and 1.26 to 2.15 (|∆| = 0.89) for tool edge radius, r of 10 µm and 5 µm 
respectively. At medium cutting speed of 250 m/min, the slope values vary from 
0.97 to 1.73 (|∆| = 0.76) and 1.27 to 2.10 (|∆| = 0.83) for r of 10 µm and 5 µm 
respectively. While at high cutting speed of 500 m/min, the slope values vary from 
0.94 to 1.75 (|∆| = 0.81) and 1.13 to 2.21 (|∆| = 1.08) for r of 10 µm and 5 µm 
respectively. Such variations due to the changes in tool rake angle from positive rake 
to negative rake are virtually constant; disregard the magnitudes of tool edge radius 
and cutting speed.               
 
 
Figure 6.10. Linear evolutions of TPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 100 m/min.    
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Figure 6.11. Linear evolutions of TPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 250 m/min.    
 
 
Figure 6.12. Linear evolutions of TPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 500 m/min.    
   
 Besides that, changes in tool edge radius are also having considerable 
influence on the slope magnitudes but it is not as significant as that of the tool rake 
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angle. By reducing the magnitude of tool edge radius from 10 µm to 5 µm, the slope 
magnitude increases at a reasonably constant rate. At low cutting speed of 100 
m/min, the slope magnitudes vary from 1.09 to 1.26 (|∆| = 0.17), 1.35 to 1.67 (|∆| = 
0.32) and 1.87 to 2.15 (|∆| = 0.28) for tool rake angles, γ = -10°, 0° and +10° 
respectively. While at medium cutting speed of 250 m/min, the slope values vary 
from 0.97 to 1.27 (|∆| = 0.30), 1.21 to 1.53 (|∆| = 0.32) and 1.73 to 2.10 (|∆| = 0.37) 
for γ = -10°, 0° and +10° respectively. Moreover at high cutting speed of 500 m/min, 
the slope values vary from 0.94 to 1.13 (|∆| = 0.19), 1.18 to 1.37 (|∆| = 0.19) and 
1.75 to 2.21 (|∆| = 0.46) for γ = -10°, 0° and +10° respectively.  
 
On the other hand, the constant and dominating effect of tool edge radius is 
reencountered in TPDZ, similar to the case of WPDZ. The constancy of such effect 
is reflected from the constant magnitudes of interception under various combinations 
of tool rake angle and cutting speed. The magnitudes of interception are within the 
ranges of 9.23 to 10.90 and 4.79 to 6.93 with the used of tool edge radius, r =10 µm 
and 5 µm respectively. This could also be observed from the close variations in the 
magnitudes of interception when r is increased from 5 µm to 10 µm. At low cutting 
speed of 100 m/min, the magnitudes of interception vary from 5.17 to 9.23 (|∆| = 
4.06), 5.43 to 9.23 (|∆| = 3.80) and 6.45 to 10.51 (|∆| = 4.06) for tool rake angles, γ = 
-10°, 0° and +10° respectively. While at medium cutting speed of 250 m/min, the 
magnitudes of interception increase from 5.02 to 10.38 (|∆| = 5.36), 6.11 to 10.29 
(|∆| = 4.18) and 6.45 to 10.51 (|∆| = 4.49) for γ = -10°, 0° and +10° respectively. 
Moreover at high cutting speed of 500 m/min, the magnitudes of interception 
increase from 6.40 to 10.90 (|∆| = 4.50), 6.93 to 10.68 (|∆| = 3.75) and 4.79 to 9.75 
(|∆| = 4.96) for γ = -10°, 0° and +10° respectively.  
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Therefore, the influences of tool edge radius effect on TPDZ persist even at 
small tool edge radius and it appears to be unaffected by other process parameters 
unlike the tool edge radius effect on WPDZ. This indicates that the tool edge radius 
effect is directly related to the size of the tool edge radius used.  
  
6.2.3 Depth of PDZ  
 
The depth of primary deformation zone, DPDZ is measured from the lowest 
point of the subsurface flow stress region to the newly generated machined surface.   
The evolutions of DPDZ are illustrated in Figures 6.13, 6.14 and 6.15 for cutting 
speeds, V of 100 m/min, 250 m/min and 500 m/min respectively.  
 
Unlike the previous cases, the evolutions of DPDZ are more complicated. 
Although the evolution of DPDZ does exhibit smooth linear trends under some 
specific combinations of process parameters, but the degree of such linearity is 
primarily affected by r, and secondarily by V and γ. As highlighted in Figures 6.13, 
6.14 and 6.15, the linearity of DPDZ evolutions using tool edge radius, r of 10 µm is 
sufficiently maintained with reducing undeformed chip thickness, a from 20 µm 
down to 4 µm. But it is evident that the magnitudes of DPDZ rebound at a = 2 µm 
and this deteriorates the linearity of the distributions. Such phenomenon is uniformly 
encountered when r of 10 µm is used. In contrast, the evolutions of DPDZ do not 
exhibit such rebounding behavior when r of 5 µm is used and thus the corresponding 
linear relationships are having much better linearity under various conditions.     
 
Chip Formation Behavior 
            
 118
For comparisons, the response of the depth of primary deformation zone, 
DPDZ to a is similarly assessed through linear regression analysis in order to 
examine the strength and wellness of the linear response between DPDZ and a. The 
linear relationships at different V of 100 m/min, 250 m/min, 500 m/min and γ of 
+10°, 0°, -10° are summarized in Tables F.7, F.8 and F.9 respectively in Appendix F. 
Similar to the previous cases in WPDZ and TPDZ, DPDZ is the response variable 
while a is the input variable. It is worth noting the importance of the respective 
coefficient of determination, R2 in the present discussion as it measures the wellness 
of a linear data fitting which distinguishes machining conditions that yield good 
linear DPDZ-a relationships from those that do not.  
 
 
Figure 6.13. Linear evolutions of DPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 100 m/min.    
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Figure 6.14. Linear evolutions of DPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 250 m/min.    
 
 
Figure 6.15. Linear evolutions of DPDZ with undeformed chip thickness using different 
tool rake angles and tool edge radius, at the cutting speed, V of 500 m/min.    
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As it has been pointed out earlier that tool edge radius, the use of r of 5 µm 
produces DPDZ evolutions with exceptional linearity as indicated by the R2 ≥ 0.90. 
However, the use of r of 10 µm yields DPDZ evolutions of reduction linearity in 
nature, especially towards lower cutting speeds, 500 m/min to 100 m/min and 
increasingly positive rake angles, -10° to +10°. This could be seen at the 
combinations of [V =100 m/min, γ = 0°, r = 10 µm]; [V = 100 m/min, γ = +10°,  r 
=10 µm]; [V =250 m/min, γ = 0°, r = 10 µm]; and [V = 250 m/min, γ = +10°, r = 10 
µm] where the respective R2 fell below or close to 0.8 which reflects the weaker 
linear behavior in the DPDZ evolutions. Nevertheless, the increased negative tool 
rake angles and high cutting speeds have great influence in this aspect that improves 
the R2 values significantly.            
 
 As a whole, the corresponding linear responses at increasing undeformed 
chip thickness, a vary in different characteristics, under different combinations of 
process parameters. These are essentially indicated from the slope magnitudes 
produced from the analyses. With the used of r of 10 µm at low cutting speed of 100 
m/min, the evolutions of DPDZ do not exhibit a strong sense of linearity as reflected 
from the relatively low slope values of 0.05, 0.07 and 0.07 for γ of +10°, 0° and -10° 
respectively. Nevertheless, higher cutting speeds at 250 m/min and 500 m/min 
improve the linear behavior and elevate the slope values to 0.09, 0.11, 0.15 and 0.14, 
0.18, 0.22 for γ of +10°, 0° and -10° respectively.  
 
Comparing DPDZ evolutions produced for r = 10 µm with r = 5 µm at V = 
100 m/min, the latter shows greater linear responses to undeformed chip thickness as 
the slope values are significantly higher. When V is increased from 100 m/min, to 
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250 m/min and then 500 m/min, similar effects are observed where the slope 
magnitudes increase from 0.15, 0.13, 0.14 to 0.15, 0.17, 0.23 and then 0.15, 0.21, 
0.30 for γ of +10°, 0° and -10° respectively. Alongside with these comparisons, it is 
also noteworthy to realize the amplifications of tool rake angle effect by higher 
cutting speeds.      
 
 In addition, the effect of tool edge radius is encountered in the evolutions of 
DPDZ similar to that of WPDZ and TPDZ but the relative degree of influence is 
greater in the present subject. Firstly, the resulted magnitudes of DPDZ produced 
with large tool edge radius are significantly higher than that of small tool edge 
radius. As reflected from the line interceptions at low cutting speed of 100 m/min, 
the magnitudes increase from 3.51, 3.94, 4.00 (V = 100 m/min; r = 5 µm) to 5.71, 
6.02, 6.10 (V = 100 m/min; r = 10 µm) for γ of +10°, 0° and -10° respectively as the 
tool edge radius, r increased from 5 µm to 10 µm. Furthermore, the same 
characteristic with similar magnitude is also observed at higher cutting speeds of 
250 m/min and 500 m/min where the slope magnitudes increase from 3.51, 3.80, 
4.11 (V = 250 m/min; r = 5 µm) to 5.83, 5.97, 5.83 (V = 250 m/min; r =10 µm) and 
from 4.20, 3.99, 3.09 (V = 500 m/min; r =5 µm) to 6.55, 6.43, 6.41 (V = 500 m/min; 
r = 10 µm) for γ of +10°, 0° and -10° respectively.                  
 
 Closely following such increasing trends in the magnitudes of DPDZ, higher 
cutting speeds and increased negative rake angles do play a role in deepening the 
deformations among the categories of DPDZ evolutions using the same size of tool 
edge radius, but the influence is not as significant as the effect of tool edge radius.  
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6.3 Deformed Chip Thickness: A Linear Regression Analysis  
 
 Previous sections have been surrounding qualitative (Section 6.1) and 
quantitative (Section 6.2) evaluations of the in-process plastic deformation 
characteristics in tool-based micromachining. The present discussion examines the 
evolution of deformed chip thickness, tc at the respective operating conditions. As 
schematically illustrated in Figure 6.16, the layer of work material with a thickness 
of a will undergo severe plastic deformation in the primary deformation zone (PDZ) 
during the repeated cycles of continuous chip formation that elongates the deformed 
material-turned-chip to a greater thickness of tc in a machining operation. Therefore, 
tc is an average output that indicates the degree of plastic deformation during the 
formation of a chip at a predefined undeformed chip thickness, a.     
 
 
Figure 6.16. Illustration of the deformed chip thickness tc, as a collective indicator of plastic 
deformation induced during chip formation.    
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 Figures 6.17 and 6.18 summarize the evolutions of average deformed chip 
thickness, tc with tool edge radius, r = 5 µm and 10 µm respectively, for the range of 
undeformed chip thickness, a = 2, 4, 6…20 at different tool rake angles, γ = +10°, 0°, 
-10° and cutting speeds, V = 100 m/min, 250 m/min, 500 m/min. Under these 
conditions, tc is in linear proportion to a. The linear relationship between tc and a is 
considerably governed by tool rake angle, followed by cutting speed and tool edge 
radius. On the other hand, a slight rebound in tc which is seen as a diversion from the 
regular linear distribution has been uniformly encountered under all conditions when 
a is reduced to 2 µm. As highlighted in Figures 6.17 and 6.18, such uniform 
observation could be due to severe plastic deformation following the transition of 
chip formation behavior in that particular machining regime and thus could be 
regarded as a universal phenomenon rather than an isolated event. 
 
While the effect of an individual parameter is noticeable, the combination of 
these parameters brings about an amplifying effect on the magnitudes of tc. This 
projects the importance in understanding the influences of each parameter as well as 
their combinations for a broader sense of generic understanding of the process.  
Again, linear regression technique is adopted in the present analysis subject due to 
the linear nature of its evolution with undeformed chip thickness. Tables F.10 and 
F.11 (Appendix F) summarize the linear relationships between the deformed chip 
thickness, tc as the response variable and the undeformed chip thickness, a as the 
input variable for tool edge radius, r of 10 μm and 5 μm respectively. Each category 
is consisted of three levels of tool rake angles, γ of  +10°, 0°, -10° and cutting speeds, 
V of 100 m/min, 250 m/min, 500 m/min. 
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Figure 6.17. Linear evolutions of deformed chip thickness with undeformed chip thickness 
for tool edge radius of 10 µm.  
 
 
Figure 6.18. Linear evolutions of deformed chip thickness with undeformed chip thickness 
for tool edge radius of 5 µm.  
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As a whole, the undeformed chip thickness, tc data fits reasonably well with 
undeformed chip thickness, a on a linear basis as reflected from the magnitudes of 
coefficient of determination, R2 beyond 0.98 (R2 = 1.0 being a perfect fit) under all 
operating conditions. Nevertheless, the characteristics of these linear relationships 
vary at different combinations of process parameters as reflected from the 
magnitudes of slope and interception of the straight lines.  
 
The slope magnitude of a straight line is important because it represents the 
general trend of the tc evolution. Through the linear regression analysis, it was 
determined that the combinations of negative rake angle and low cutting speed yield 
the highest slope magnitudes and thus the steepest straight line while the reversal of 
both parameters to positive rake angle and increasing cutting speeds produce a lower 
range of slope magnitudes and therefore straight lines with lesser steepness. Such 
observation is uniform for both categories of tool edge radius, r of 10 μm and 5 μm.  
 
With r of 10 μm, the slope magnitudes are ranging from 1.70 to 4.06. The 
variations of slope magnitudes increase from 0.08, 0.44 to 0.45 (avg. = 0.323) as the 
cutting speed, V is decreased from 500 m/min to 250 m/min and then 100 m/min at 
rake angles, γ = +10°, 0° and -10° respectively. On the other hand at r = 5 μm, the 
slope magnitudes are ranging from 1.73 to 4.41. The variations of slope magnitudes 
increase from 0.10 to 0.53 and then 0.92 (avg. = 0.512) as V is decreased from 500 
m/min to 250 m/min and then 100 m/min at γ = +10°, 0° and -10° respectively.  
 
Thus, it could be deduced that tool rake angle has the primary effect on tc 
even with different magnitudes of r, followed by the tool edge radius effect. As a 
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comparison between tool edge radius, r of 5 μm and 10 μm, both are having similar 
degrees of influence on tc at higher cutting speeds of 250 m/min and 500 m/min but 
at reducing cutting speed to 100 m/min, the effect of smaller r supersedes its bigger 
counterpart as reflected from the great variations in slope magnitudes. 
 
Examining the coupling effects of process parameters in a more specific 
manner validated the aforementioned deductions. At r = 10μm, the variations of 
slope magnitudes increase from 1.90 to 2.09 and then 2.27 (avg. = 2.087) at V = 500 
m/min, 250 m/min and 100 m/min respectively as γ is reduced from +10° to 0° and 
then -10°. Similar observation is encountered with the use of r = 5μm where the 
variations of slope magnitudes increase from 1.73 to 2.13 and then 2.55 (avg. = 
2.137) at V = 500 m/min, 250 m/min and 100 m/min respectively as γ is reduced 
from +10° to 0° and then -10°. Thus, the significant influences of negative rake 
angle on the magnitudes of tc at low cutting speed and vice versa are clearly 
expressed. Although the average variations between the two tool edge radii 
categories are small (|∆| = 0.117), it should be noted that the tool edge radius effect 
is amplified by the reductions of V.  
 
Therefore, the greater average variations of 2.087 at r = 10 μm and 2.137 at r 
= 5 μm when tool rake angle is reduced from +10° to -10° compared to that of 0.323 
at r = 10 μm and 0.512 at r = 5 μm when V is decreased from 500 m/min to 100 
m/min conclude the significant influences of tool geometrical changes on tc.      
 
Moreover, the constant influences on tc as reflected by the interceptions of 
the linear relationships are also extensively governed by the variations in tool rake 
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angle. With the use of different tool edge radius, a unidirectional increase of the 
interception values is encountered when γ is increased from -10° to 0° and then +10°. 
At r = 10 μm, the interception values increase from 2.56 to 3.21 and then 8.09 (|∆| = 
5.56) at V = 100 m/min; from 1.46 to 3.09 and then 7.04 (|∆| = 5.58) at V = 250 
m/min; and from 1.94 to 3.39 and then 5.96 (|∆| = 4.02) at V = 500 m/min. While at 
r = 5 μm, the slope values increased from 0.81 to 2.91 and then 7.34 (|∆| = 6.53) at V 
= 100 m/min; from 1.08 to 2.95 and then 6.52 (|∆| = 5.44) at V = 250 m/min; and 
from 2.81 to 3.49 and then 5.28 (|∆| = 2.47) at V = 500 m/min.  
 
These findings indicate that the influence of tool rake angle is generally more 
stable with a bigger tool edge radius as reflected from the variations of interception 
values at different cutting speeds. With a direct contrasting behavior, the effect of 
changing tool rake angles on the interceptions are considerably affected by the 
variation in cutting speeds with a smaller tool edge radius. 
 
 
6.4 Summary  
 
 The behavior of chip formation in tool-based micromachining is governed by 
the tool edge radius effect as reflected from the characteristic changes in plastic 
deformation alongside the variations in a/r. At high a/r above unity, plastic 
deformation takes place at the primary and secondary deformation zones akin to 
concentrated shearing in conventional macro machining. Decreasing a/r below unity 
promotes localized deformation ahead of the tool edge radius, with the expansion in 
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fraction of the primary deformation zone and the simultaneous shrinkage in fraction 
of the secondary deformation zone following the reductions in total tool-chip contact 
length. Further decrease of a/r below a critical threshold brings forth a total 
suppression of secondary deformation zone due to the formation of an effective 
negative rake angle, and resulted in an ultimate localization of plastic deformation 
ahead of the tool edge radius. In tool-based micromachining, such transition in chip 
formation behavior as driven by the tool edge radius effect could reflect the varying 
degrees of plastic deformation.   
 
 Through quantitative characterizations of the primary deformation zone 
(PDZ), the WPDZ, TPDZ and DPDZ are found to be greatly influenced by the tool 
geometry and evolve linearly with the attempted range of a/r. Almost in all of these 
aspects, the tool rake angle determines the general trend (slope) of linear 
distributions while the effect of tool edge radius is constant (interception) and 
becoming more dominant at decreasing a/r. In this regard, the magnitudes of 
undeformed chip thickness pertain to the characteristics of primary deformation 
zone that represent the degree of plastic deformation. This is especially seen from a 
similar rebound in magnitudes for undeformed chip thickness and DPDZ 
distributions at a/r of 0.2, perceived as a diversion from the respective linear 
relationship with a/r which is believed to be related to the transitions of chip 
formation mechanism from concentrated shearing to an extrusion-like behavior.   
 Chapter 7 





 Varying degrees of tool edge radius effect on the contact phenomenon and 
chip formation behavior have been previously examined in this study under different 
machining conditions. In the present chapter, the quantifications of tool edge radius 
effect on contact length, deformed chip thickness and machining force are attempted 
through a series of non-dimensional analysis where the respective normalized 
responses towards the variations of a/r are determined.   
  
 
7.1 Tool-Chip Contact Length 
 
 The effects of tool edge radius on the distributions of contact length, Lc 
could be assessed from the evolutions of normalized contact length, Lc/a with 
different a/r. With the two magnitudes of tool edge radius, r of 10 μm and 5 μm 
associated with the range of undeformed chip thickness a: 2 μm, 4 μm, 6 μm …20 
μm yield the corresponding ranges of a/r: 0.2, 0.4, 0.6…2.0 and 0.4, 0.8, 1.2…4.0 
for r of 10 μm and 5 μm respectively. Each category of r contains three levels of tool 
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rake angle, γ: +10°, 0°, -10° and three levels of cutting speed, V: 100 m/min, 250 
m/min and 500 m/min. Figure 7.1 illustrates the distributions of Lc/a within a/r 
range from 0.2 to 2.0 for r of 10 μm.       
 
 
Figure 7.1. The response of normalized contact length, Lc/a to the ratio of undeformed chip 
thickness to tool edge radius, a/r at different tool rake angles, γ and cutting speeds, V for r 
of 10 µm.    
 
 At the first approximation, Lc/a under the influenced of tool rake angle is 
constantly having a greater response to a/r as a comparison to that of cutting speed. 
This could be seen from the case γ of -10° that leads to higher intensities of Lc/a 
under different conditions, followed by γ of 0° and then +10°; while lower levels of 
V respond greater to a/r compared to that of higher V. Thus, V of 100 m/min brings 
about greater intensities of Lc/a, followed by 250 m/min and then 500 m/min. 
Nevertheless, the influences of both tool rake angle and cutting speed on Lc/a are 
not mutually independent under the governance of the tool edge radius effect where 
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the increasing negative of γ amplifies the effect of cutting speed. Thus, cutting speed 
has different levels of influence on Lc/a depending on the magnitudes of γ.      
  
More importantly presented in Figure 7.1 is the general distributing trends of 
Lc/a with respect to a/r. At high a/r towards 2.0, Lc/a is virtually saturated at 
varying intensities as subjected to different γ and V. With the reductions of a/r from 
2.0, gradual increase in Lc/a are generally observed under different machining 
conditions. Note that such increasing rates in Lc/a becomes more rapid as a/r is 
reduced beyond 1.0 due to the aggressive amplifications of the tool edge radius 
effect. This phenomenon is significant for γ of 0° and +10° as the influences of tool 
rake angle on Lc/a are subsided by the tool edge radius effect. Until a/r is ultimately 
decreased to 0.2 in all cases that leads to the formation of effective negative rake 
angles -γeff, tribological interactions take place on the rounded edge curvature 
exclusively. It is under such a transition in contact behavior, the distribution of 
contact length is extensively governed by the tool edge radius effect and produces 
great intensities of Lc/a.  
 
Most characteristics of the Lc/a distributions for r of 10 μm could be found 
in that of r of 5 μm as shown in Figure 7.2. With a wider spectrum of a/r from 0.4 to 
4.0, the distributions of Lc/a are more extensively covered towards the greater 
extreme above 2.0 where some of these characteristics are more clearly perceived.     
 
One of such characteristics is the saturation of Lc/a distributions at higher a/r. 
The magnitudes of Lc/a gradually reduce and become increasingly more stable with 
the increase of a/r under different machining conditions. It is noticeable that the 
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saturating trends of Lc/a are emerged from a/r of 2.0 onwards and then successively 
harnessed with the increase of a/r up to 4.0. Moreover, the varying influences of γ 
and V could also be recognized distinctively. Primarily, higher intensities of Lc/a are 
always resulted with the use of γ of -10°, followed by 0° and +10° similar to that of r 
of 10 μm. Secondarily with the same magnitude of γ, lower V of 100 m/min 
promotes greater responses of Lc/a with the decrease of a/r, followed by 250 m/min 
and 500 m/min.                    
             
 
Figure 7.2. The response of normalized contact length, Lc/a to the ratio of undeformed chip 
thickness to tool edge radius, a/r at different tool rake angles, γ and cutting speeds, V for r 
of 5 µm.    
 
 Due to the tool edge radius effect, the intensity of Lc/a increases with the 
decrease of a/r, in accordance to the influences of tool rake angle and cutting speed. 
The tool rake angle loses its influence to the tool edge radius effect below a/r of 1.0 
and results in rapidly increasing rates at γ of 0° and +10°. But as the decrease of a/r 
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to 0.4 are not fine enough in yielding -γeff, Lc/a produced by r of 5 μm under the 
combined influences of tool edge radius and tool rake angle could not exceed those 
as produced with r of 10 μm at a of 2 μm.                   
 
 
7.2 Deformed Chip Thickness 
 
In tool-based machining, the degree of plastic deformation is directly 
reflected from the magnitudes of deformed chip thickness tc produced. Study of the 
tool edge radius effect on this aspect is evaluated through the distributions of 
normalized deformed chip thickness tc/a with the variations in a/r. Such evaluations 
are divided into two categories of varying tool edge radius, r of 10 μm and 5 μm 
similar to the previous case. Figure 7.3 depicts the distributions of tc/a for the range 
of a/r from 0.2 to 2.0 (with an interval of 0.2) for r of 10 μm.        
 
 In general, the influences of tool rake angle, γ and cutting speed, V on tc/a 
are similar to that on Lc/a as discussed in Section 7.1. As presented in Figure 7.3, 
tc/a is more affected by γ than V. Under the constant influence of tool edge radius 
effect, γ of -10° constantly produces greater tc/a, followed by γ of 0° and +10° 
respectively in all cases. Besides, lower cutting speeds appear to induce greater 
degrees of plastic deformation and thus tc/a, without being affected by γ. Thus, V of 
100 m/min leads to higher intensities of tc/a followed by 250 m/min while the 
influences on tc/a become weaker at V of 500 m/min. Nevertheless, these influences 
on tc/a by the cutting speeds attempted for r of 10 µm are not significant.                         
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Figure 7.3. Evolutions of normalized undeformed chip thickness, tc/a to the ratio of 
undeformed chip thickness to tool edge radius, a/r at different tool rake angles, γ and cutting 
speeds, V for r of 10 µm.    
 
 Apart from that, the general trend of tc/a distributions with varying a/r is of 
greater importance. With the increase of a/r from 1.0 to 2.0, the tc/a distributions 
show a general saturating trend towards the extreme end, with varying magnitudes 
of saturation as governed mainly by the tool rake angle, followed by the cutting 
speed. With the decrease of a/r below 1.0, elevations in tc/a are generally observed 
for various machining conditions but relatively more rapidly increasing rates of tc/a 
are encountered with γ of 0° and +10°. This is mainly due to the amplification of 
tool edge radius effect on plastic deformation and thus tc/a, with the decrease of a/r 
below 1.0. Particularly because of this, a ‘bounce-back’ phenomenon in tc/a is 
encountered for γ of -10° within 0.6 < a/r < 1.0. Such phenomenon is exclusive for γ 
of -10° as material deformation is subjected to intense complementary effects of 
both tool edge radius and tool rake angle within that particular range of a/r. This 
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also explains the drop of tc/a when a/r is further reduced below 0.6 as the influence 
of negative tool rake angle becomes weaker.               
 
 Eventually as a/r is reduced down to 0.2 with the formations of -γeff, plastic 
deformation is performed entirely by the rounded curvature of the tool edge radius 
which leads to intense material deformation. Such intense material deformation is 
effectively reflected from the highest possible tc/a magnitude achieved with the tool 
edge radius, r of 10 μm for the range of a/r from 0.2 to 2.0.             
 
 Perhaps most of the significant characteristics in the distributions of tc/a at r 
of 10 μm are common when r of 5 μm is used. With the expansion of a/r range from 
0.4 to 4.0 for the identical range of undeformed chip thickness a from 2 μm to 20 
μm, the general characteristics of tc/a distributions towards the greater extreme a/r 
of 4.0 are more effectively captured. Figure 7.4 illustrates the distributions of tc/a 
for the range of a/r from 0.4 to 4.0 (with an interval of 0.4) for the tool edge radius, r 
of 5 μm.  
       
 Firstly, the saturation of tc/a distributions for a/r of around 2.0 as for r of 10 
μm is reencountered for r of 5 μm. It is noticeable the intensities of tc/a are virtually 
stabilized within a/r of 1.6 to 2.0 under different machining conditions especially for 
tool rake angle γ of -10° and 0°. The true saturation state of tc/a distributions for γ of 
+10° could only be developed more maturely with further increase in a/r beyond 2.0, 
towards the extreme end a/r of 4.0 which indicates that the influence of positive rake 
angles on plastic deformation is significantly weaker than that of the tool edge radius 
effect. While the reverse is true for γ of -10° and 0° in which slight increases in the 
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intensities of tc/a are observed when a/r is further increased from 2.0 to 4.0, where 
tool rake angles at such magnitudes participate more aggressively in plastic 
deformation than tool edge radius effect.            
 
 
Figure 7.4. Evolutions of normalized undeformed chip thickness, tc/a to the ratio of 
undeformed chip thickness to tool edge radius, a/r at different tool rake angles, γ and cutting 
speeds, V for r of 5 µm.    
 
 Secondly, the differences in the extent of influences on plastic deformation 
between tool rake angle and cutting speed are also consistently maintained at 
increasingly higher a/r when the tool edge radius effect deteriorates. In this regard, γ 
of -10° brings about the highest possible tc/a magnitudes and thus the degree of 
plastic deformation under all machining conditions, followed by 0° and +10°. While 
within the same category of tool rake angle, lower cutting speed of 100 m/min 
induces greater degrees of plastic formation and thus tc/a magnitudes, followed by 
250 m/min and 500 m/min. Perhaps at lower cutting speeds, more time is available 
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for the deformed materials to relieve external loading through plastic straining which 
leads to the increases in tc/a.                                
 
 Thirdly, a general trend of increasing tc/a is encountered virtually in all cases 
when a/r is reduced to 0.8 below 1.0. This is significantly seen from the rapidly 
increasing rates for γ of +10° followed by 0°. Such phenomenon is largely due to the 
competing nature between tool edge radius and tool rake angle. Thus, with the 
reduction in a/r which leads to the decreases in tool-chip contact length, the 
influences of tool rake angles on plastic deformation subside while such influences 
of the tool edge radius intensifies simultaneously. Indeed, the influence of tool rake 
angles on plastic deformation is incomparable to that of tool edge radius at low a/r 
especially for γ of +10° and even 0°. Nevertheless, the influences of negative tool 
rake angle on plastic deformation are strong and persistent at higher range of a/r. 
Thus, the magnitudes of tc/a slump slightly as the influence of γ of -10° loses ground 
at reducing a/r. Further reductions of a/r down to 0.4 trigger drastic increases in tc/a 
due to the combined effects of tool edge radius and tool rake angle despite the 
absence of effective negative rake angle.  
 
 
7.3 Machining Force 
 
 The study on force distributions pertains to one of the most important 
analyses in tool-based machining. It is essential because the physics of chip 
formation as derived from the varying states or degrees of plastic deformations and 
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tribological activities could be collectively described by the operating force 
components as a whole.  
 
In orthogonal cutting, the forces involved in forming chips are effectively 
constrained to the principal horizontal and vertical axes within the same plane. The 
effective operating force, also known as the resultant force R could be decomposed 
as the cutting and thrust components in the mutually perpendicular horizontal and 
vertical directions respectively known as the cutting force Fc and the thurst force Ft. 
The vectors of Fc and Ft correspond to the horizontal tool advancement and the 
vertical-downward tool pressing respectively while the vector of resultant force R is 
indicated by its degree of inclination denoted as θR which is measured from the 
cutting force vector.    
 
The present analysis on the characteristics of machining force distributions 
with respect to the variations in a/r serves as an ultimate attempt to characterize the 
tool edge radius effect in micromachining, with prior knowledge of such effect on 
tool-chip contact length (Section 7.1) and deformed chip thickness (Section 7.2). For 
an effective analysis, the thrust and cutting force components are combined as a 
singular normalized force unit Ft/Fc that indicates the competing nature between the 
two force components. For Ft/Fc above 1.0, the thrusting action is more dominant 
than the cutting action while the reverse holds true for Ft/Fc below 1.0.    
 
Thus, the evaluations of Ft/Fc are performed for the two magnitudes of tool 
edge radius r of 5 μm and 10 μm in the range of undeformed chip thickness a from 2 
μm to 20 μm (with an interval of 2 µm). The combinations of a and r yield a/r 
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ranges of 0.4 to 4.0 and 0.2 to 2.0 for r of 5 μm and 10 μm respectively. Similar to 
the previous analyses, three magnitudes of tool rake angle, γ: +10°, 0°, -10° and 
three levels of cutting speed, V: 100 m/min, 250 m/min and 500 m/min are examined 
for both r of 5 μm and 10 μm. Figure 7.5 illustrates the distributions of Ft/Fc for tool 
edge radius, r of 5 μm within the a/r range from 0.4 to 4.0 (with an interval of 0.4).        
 
Generally, the influence of tool rake angle on Ft/Fc dominates at high a/r 
similar to the previous cases in Lc/a and tc/a, as a comparison to the influences of 
cutting speed. As it could be observed in Figure 7.5 at increasing a/r beyond 2.0 
towards the greater extreme of 4.0, the extensive influences of γ = -10° persistently 
resulted in higher Ft/Fc intensities than that produced with γ = 0° and +10°.  
 
Such observation is largely attributed to the deteriorations in tool edge radius 
effect on Ft/Fc at increasing a/r which complementarily, leads to the amplification 
of such influences of tool rake angle. Indeed, it was learnt from the previous 
discussions that by applying γ of -10° in the identical high a/r range will lead to a 
stronger responses in Lc/a and tc/a as larger tool-chip coverage length of the 
negative rake face induces greater intensity of plastic deformation during chip 
formation. This is also reflected from the inclinations of resultant force θR where 
larger θR is produced when γ of -10° is used at higher range of a/r, followed by γ of 
0° and then +10°. This phenomenon implies on the other hand that the cutting 
components are more dominant than the thrust components with the use of 
increasingly positive tool rake angles at increasingly higher a/r. These findings are 
somehow similar to that in conventional macro-machining as the distributions of 
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Ft/Fc under various conditions are virtually saturated towards a/r of 4.0 as the tool 
edge radius effect subsides.  
 
 
Figure 7.5. Evolutions of normalized machining force, Ft/Fc to the ratio of undeformed 
chip thickness to tool edge radius, a/r at different tool rake angles, γ and cutting speeds, V 
for r of 5 µm.    
 
 With the reductions of a/r below 2.0, the tool edge radius effect is intensified 
constantly while its influences on the contact phenomenon and plastic deformation 
become more significant. Through such responses in the tool edge radius effect, the 
magnitude of Ft/Fc distributions step up unanimously which signifies the 
intensification of thrust action. This phenomenon could also be seen from the 
increasingly diversion of resultant force R to the vertical-downward direction with 
larger θR. But under different machining conditions, the magnitudes of Ft/Fc 
increase at varying rates as chip formation is jointly influenced by the tool rake 
angles. When γ of +10° is used, Ft/Fc increases rapidly with the reductions in a/r 
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with the associations of the tool edge radius effect. As the influence of positive rake 
angles on contact length and plastic deformation is greatly facilitated by the rounded 
curvature of edge radius and therefore its sensitivity on Ft/Fc with respect to the 
reductions in a/r is generally higher than that of increasingly negative rake angles to 
γ of 0° and -10°. Nevertheless at the a/r range within 1.0 to 2.0, the influence of 
negative tool rake angle of -10° is still persistently governing the thrusting action 
which yield higher intensities of Ft/Fc distributions than γ of 0° and +10°. Although 
the differences in Ft/Fc are now significantly narrower than that at higher range of 
a/r beyond 2.0 and up to 4.0.  
 
Further reductions of a/r below 1.0 shift the process into the regime 
dominated by the tool edge radius effect and suppresses the influences of tool rake 
angles on the thrust force component. Such phenomenon is evident where the 
intensities of Ft/Fc produced by γ of +10° are first seen to exceed those as produced 
by γ of -10° and 0° at a/r of 0.8 and then 0.4. Thus for the a/r range performed with 
r of 5 μm in conjunction with the applications of various magnitudes of tool rake 
angle and cutting speed, the highest possible magnitudes of Ft/Fc that approach 1.0 
and θR of greater than 40° are achieved at the extreme low a/r of 0.4. With the 
unidirectional amplifications of tool edge radius effect and the complimentary 
subsidence of the influences of tool rake angle, smallest possible differences in 
Ft/Fc magnitudes at varying tool rake angles are encountered.  
 
On the other hand, Figure 7.6 illustrates the distributions of Ft/Fc 
distributions for tool edge radius r of 10 µm with respect to the variations in a/r 
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from 0.2 to 2.0 (with an interval of 0.2) for tool rake angles and cutting speeds with 
identical magnitudes to that for r of 5 µm. 
 
As a whole, it is evident from Figure 7.6 that the intensities of Ft/Fc increase 
constantly alongside the magnitudes of θR by reducing a/r from 2.0. The increasing 
trends in both parameters intimate the intensification of thrust action as the strength 
of tool edge radius effect elevates. While the influence of tool rake angles is still 
remained within a/r from 2.0 towards 0.4, the rates of increment in Ft/Fc 
distributions varies at different tool rake angles in accordance to the tool edge radius 
effect. The persistent influences of tool rake angle can also be directly reflected from 
the formations of effective positive rake angles in the a/r range from 2.0 to 0.4 as 
previously discussed in Chapters 5 and 6. Similar to that in r of 5 µm, Ft/Fc 
distributions increase aggressively with the reductions of a/r when positive tool rake 
angle of +10° is in used. Essentially, the general characteristics of Ft/Fc 
distributions within the range of a/r from 0.4 to 2.0 for tool edge radius r of 10 µm 
are identical to those produced with r of 5 µm as previously discussed.                
 
 More importantly presented in Figure 7.6, a new machining regime is forged 
by reducing a/r to 0.2 where exceedingly high intensity of Ft/Fc distributions above 
1.0 and θR of greater than 45° are resulted at a/r of 0.2. The extreme case which 
surpasses those produced at higher a/r than 0.2 altogether. Under such phenomenon, 
it is postulated that the tool edge radius effect becomes completely dominant in 
conjunction with the complete suppressions of the influences of tool rake angles. 
This corresponds with the findings in previous chapters on the uniform formations 
of effective negative rake angle under different machining conditions, disregarding 
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the magnitudes of tool rake angles used. With the highest possible magnitudes of 
Ft/Fc and θR achieved at the extreme a/r of 0.2, the thrust force component 
dominates over the cutting force component following a similar intensifying effect 
on the Lc/a and tc/a distributions. It will thus lead to a new, principal thrust-oriented 
mechanism in micromachining of highly distinguishable characteristics.  
 
 
Figure 7.6. Evolutions of normalized machining force, Ft/Fc to the ratio of undeformed 
chip thickness to tool edge radius, a/r at different tool rake angles, γ and cutting speeds, V 
for r of 10 µm.    
       
 
7.4 Summary  
 
 Tribological interaction and plastic deformation, as the two main physical 
activities in tool-based micromachining are extensively governed by the tool edge 
radius effect. This is effectively reflected from the distributions of normalized tool-
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chip contact length, Lc/a and deformed chip thickness, tc/a with respect to the 
variations in a/r. In both cases, the non-dimensional Lc/a and tc/a are virtually 
saturated at high a/r beyond 2.0 where the influences of tool edge radius effect is 
weaker than that of the tool rake angles. Nonetheless, the magnitudes of Lc/a and 
tc/a increase at varying rates with the decrease of a/r at different operating regimes 
due to the amplifications of tool edge radius effect. For a/r above unity, the 
increasing rates of Lc/a and tc/a with decreasing a/r are moderate where the 
influence of tool rake angle persists. Further decreasing a/r below unity resulted in 
rapidly increasing rates of Lc/a and tc/a as the tool edge radius effect becomes more 
dominant aggressively with the complementary suppression of the influences of tool 
rake angle. Highest possible intensities of Lc/a and tc/a are achieved in the extreme 
a/r case of 0.2.                    
 
As governed by the tribological interaction and plastic deformation, similar 
responses are encountered in the distributions of normalized machining force, Ft/Fc 
with decreasing a/r. With the great intensities of Lc/a and tc/a at a/r of 0.2, the Ft/Fc 
exceeds unity for the first time while the corresponding θR becomes greater than 45° 
(towards the thrust direction), following the formation of effective negative rake 
angle and the establishment of a highly localized primary deformation zone in front 
of the tool edge radius. Thus, it is believed that through these synchronized 
operations, the chip formation mechanism in micromachining is transformed from 
concentrated-shearing into a thrust-oriented extrusion-like behavior within this 
machining regime, as driven by the extensive tool edge radius effect.  
 
 Chapter 8 
Extrusion-like Chip Formation Mechanism: A 




The drastic chip formation transformation from the concentrated shear 
deformation to the extrusion-like behavior at decreasing a/r is practically important. 
The discussion of this chapter is concentrated on the sensitivity of such mechanism 
transformation to a/r variations and the characteristics of extrusion-like chip 
formation mechanism as evaluated through a special series of ALE-FE analysis. 
 
 
8.1 A Mesh-Refined Arbitrary Lagrangian-Eulerian Model  
  
 The behavioral and sensitivity analysis was performed with an identical FE 
modeling methodology based on the ALE method (Chapter 3). But the sensitivity of 
the model towards a/r was improved to allow the smaller a/r interval between each 
simulated experiment. In the ALE-FE model for micromachining, should the 
magnitude of tool edge radius, r be fixed, the minimum allowable undeformed chip 
thickness, a could be reduced through the mesh refinement of the workpiece entity. 
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Fine computational mesh could increase the sensitivity of the material 
removal to a/r through accurate detections of fine cutting depths and improve the 
resolution of material deformation through higher density of numerical calculations. 
Particularly with the great importance of tool edge radius, mesh refinement could 
render a better approximation of the faceted contact interface ahead of the rounded 
tool edge with improved curvy feature (refer Figure 3.3) so that the overall transient 
thermomechanical behavior of the machining process could be captured more 
effectively. However, the computational cost of mesh refinement is high. According 
to HKS (2003), the cost involved in an explicit ALE solution increases 
proportionally with the quantities of element and inverse proportionally to the 
smallest element size in each direction of the global numerical domain. Therefore, 
mesh refinement should be optimized for the stated purpose without having to 
induce excessive computational cost and resources.  
 
For the present purpose, the workpiece entity was meshed with the same 4-
node elements of a uniform size of 0.375 µm (width) × 0.250 µm (height). The 
width and height of the bulk workpiece was 75 µm and 25 µm respectively. The 
sizes of the mesh and bulk workpiece were optimized for computational time while 
reducing the minimum allowable a down to 0.25 µm. For a fixed tool edge radius r 
of 10 µm, the machining resolution of a/r could now be reduced to as low as 0.025 
to preserve high numerical accuracy. Thus, the sensitivity study was performed for 
a/r ranging from 0.300, 0.275, 0.250, 0.225 to 0.200 since it was found in Section 
6.1 that mechanism transformation occurred between a/r of 0.4 and 0.2. Additional 
two extreme scenarios, a/r of i) 0.80, 0.60, 0.40 and ii) 0.050 were included where 
the former represents the regime of effective positive rake angles while the latter 
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shows the transition to a physical state where chip formation becomes unlikely. With 
the focus on the deformation mechanism, the cutting tool was modelled as a full 
rigid body with r of 10 µm and γtool of 10°.  
 
The complete model for this study is illustrated in Figure 8.1. 
                
 
Figure 8.1. Configuration of mesh-refined computational tool-workpiece entities with 
predefined boundary conditions in the ALE domain for the behavioral and sensitivity study 
of extrusion-like chip formation mechanism. γ = +10°, α = 6° and r = 10 µm.        
 
 
8.2 Sensitivity Analysis: Nodal Displacement Vectors  
 
The analysis of nodal displacement (deformation) vectors is an effective 
technique to study the behavior of material deformation. It is used to evaluate the 
sensitivity of mechanism transformation towards a/r variations. The vector plot of 
nodal displacement is represented by an arrow for each nodal point which points 
towards the direction of displacement while the size of the arrow represents the 
relative magnitude of displacement.  
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8.2.1 Initial Chip Formation   
 
Figure 8.2 illustrates the typical nodal displacement plot for a/r of 0.800, 












Figure 8.2. Nodal displacement plot of initial chip formation at a/r ≥ 0.275. 
 
At a/r < 1.0, chip formation commences after the first tool-work engagement. 
Materials adjacent to the tool edge radius is immediately compressed and displaced 
upward from the bulk workpiece. As the tool is further advanced, more material 
along the cutting path is displaced on the tool edge with a change in direction 
according to the degree of edge curvature. Subsequently, nodal points are displaced 
to the upper left as influenced by the tool feeding motion, geometrical feature of the 
tool edge radius and then become parallel with the cutting direction. The evolution 
of nodal displacement behavior at a/r ≥ 0.275 is summarized in Figure 8.3.       
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Figure 8.3. Evolution of nodal displacement vectors during initial chip formation at a/r ≥ 
0.275. 
 
Further decreasing a/r to 0.25 triggers an abrupt change of the characteristic 
of nodal displacement, associated with the sole formation of primary deformation 
zone with highly localized equivalent stress (refer Figure 6.4). Such characteristics 
as illustrated in Figure 8.4 are encountered at a/r of 0.250, 0.225 and then 0.200. As 
in other cases of a/r < 1.0, the bulk workpiece is first deformed by the rounded edge 
curvature when the tool is accelerated towards the workpiece. But the most 
distinguishing feature lies on the dispersion of nodal points onto the tool edge radius, 
in the opposing direction of tool feeding.  
 
 
Extrusion-like Chip Formation Mechanism: A Sensitivity and Behavioral Study 




















Figure 8.4. Unique nodal displacement plot of the extrusion-like chip formation mechanism 
in the preliminary stage at a/r ≤ 0.250. 
 
As tool advancement continues, small amount of materials escapes from the 
bulk material as chip where initial displacement vector is normal to the rounded 
edge curvature and subsequently displaying an upward directional transition along 
the tool edge radius. This is perceived as the signature characteristics of the 
extrusion-like chip formation behavior, initiated at a/r of 0.25 and thereafter 0.225, 
0.200. The remaining fraction of deformed materials is compressed by the lower 
portion of the rounded edge curvature as indicated by the smooth directional 
transition in nodal displacements at different stages. These materials will then be 
compacted back into the bulk material to form the machined surface with substantial 
residual compressive strains. Such evolution of nodal displacement behavior is 




Extrusion-like Chip Formation Mechanism: A Sensitivity and Behavioral Study 
            
 151
 
Figure 8.5. Nodal displacements evolution of the extrusion-like mechanism during initial 
chip formation at a/r ≤ 0.250. 
 
Thus, it is obvious that the characteristics of chip formation at a/r ≤ 0.25 is 
significantly different from that of a/r ≥ 0.275. The two categories of chip formation 
mechanism are hereby denoted as i) CAT-I for concentrated shear deformation at a/r 
≥ 0.275; and ii) CAT-II for extrusion-like mechanism at a/r ≤ 0.250.  
 
 8.2.2 Chip Growth   
 
The behavior of preliminary material deformation has been examined. 
Subsequent chip growth takes place ahead of the tool edge radius and establishes an 
effective rake angle after the stable contact length is achieved. For CAT-I chip 
formation mechanism at a/r of 0.8, 0.6, and 0.4, the chip grows along the periphery 
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of the rounded edge curvature and then extends onto the rake face to form +γeff. 
Contact interaction is maintained on the rake face for some distance following the 
chip curl formation. The contact length reduces with the decrease of a/r as discussed 
in Chapter 5 and the resultant chip curl is also smaller. These general features are 
illustrated in Figure 8.6.        
 
     
 
Figure 8.6. Illustration of the formations of effective positive rake angles for CAT-I chip 
formation mechanism at a/r of 0.8, 0.6, and 0.4.  
 
Apart from the general features, the evolution of nodal displacement 
characteristics in the primary deformation zone (PDZ) is more noteworthy. Such 
typical evolution for CAT-I chip formation at a/r of 0.8, 0.6, and 0.4 is illustrated in 
Figure 8.7 which covers six numerical steps with 8.75 µm in each advancement. 
Step-1 is the step immediately after initial engagement that marks the beginning of 
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chip growth and Step-6 is the step when a stable contact length is reached while 
Step-2 to Step-5 are the intermediate steps. With the focus on the PDZ, it is 
divided into six portions with Portion i being closest to the cutting tool, adjacent to 
the tool edge radius; Portion vi is located farthest from the tool which approaches 
the chip free boundary. Portions ii to v are the centre regions of PDZ.  
  
 Figure 8.7 shows that material deformation in Portion i is subjected to the 
greatest influence of the tool edge radius effect as the neighboring region to the 
rounded edge curvature. Intense compressive pressure induced on this region leads 
to severe plastic deformation when the tool is advanced. The severity of deformation 
increases from Step-1 to Step-6 where the chip root region becomes increasingly 
strained, as shown by the high density nodal displacements in Portion i during Step-
1. Such density of nodal displacement increases steadily from Step-1 to Step-6.      
 
In contrast, the severity of plastic deformation decreases gradually across the 
PDZ from Portion ii to Portion iv, as the external loading is ‘relaxed’ through plastic 
straining (elongation) which increases the deformed chip thickness. This is 
represented by the stretched nodal displacement vectors in the respective portions. 
Furthermore, materials are accumulated in the regions towards the extreme end of 
PDZ, from Portion v to Portion vi and subsequently being squeezed on chip 
curvature. The intensity of such phenomenon increases with the process maturity 
due to the gradual development of chip curl. This is reflected from the increasing 
nodal displacement density from Step-1 to Step-5 in Portion v, the neighboring 
region of PDZ to chip curvature, the lowest portion of the chip free boundary. 
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Figure 8.7. Evolutions of nodal displacement vectors in the PDZ for CAT-I chip formation mechanism with +γeff.  
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Additionally, the rotation of material during deformation is also evident, 
which could be related to the multiple slip mechanism involved during CAT-I chip 
formation for polycrystals. This is indicated by the gradual directional change of the 
nodal displacement vectors across PDZ towards the cutting direction. The 
directional change is progressive and gradual along the process.   
 
Still within the regime of CAT-I mechanism, the formation of -γeff during the 
use of +γtool happens at a/r of 0.300 and subsequently 0.275. Chip growth takes 
place along the rounded edge curvature similar to the previous cases but the chip 
could not flow onto the rake face. Instead, stable contact length is established on the 
tool edge radius, leading to the formation of -γeff which is greater than +γtool as chip 
curl develops and then diverted away from the tool. These general observations are 
depicted in Figure 8.8 for a/r of 0.300 and 0.275.     
            
      
Figure 8.8. Illustration of the formations of effective negative rake angles for CAT-I chip 
formation mechanism at a/r of 0.300 and 0.275.  
 
As illustrated in Figure 8.9, although the behavior of material deformation 
exhibits similar trend of nodal displacement to that of the CAT-I mechanism under 
+γeff. But the intensity of deformation is more severe due to the elevation in tool 
Extrusion-like Chip Formation Mechanism: A Sensitivity and Behavioral Study 
            
 156
edge radius effect. This is observed through the higher displacement density of CAT-
I mechanism under -γeff than that of CAT-I mechanism under +γeff.  
 
 As material removal is performed on the rounded edge curvature, severe 
material deformation and thus accumulation in Portion i is reasonable, given its 
physical location adjacent to the edge. Despite the ever increasing displacement 
density from Step-1 to Step-6, the increase in elongation of nodal displacement 
vectors also indicated the aggravation in deformation-led plastic straining in this 
region. Slight relaxation of such severe deformation could be observed in Portion ii, 
unlike that of CAT-I chip formation under +γeff which extends up to the central 
regions. Successive high density nodal displacements are immediately reencountered 
in Portion iii, with an enormous increasing intensity across the central regions in 
Portions iv, v and ultimately expanded to the extreme end of the primary 
deformation zone in Portion vi. This phenomenon is encountered in all stages of the 
process but it should be noted that the degree of such intensifications in Portion vi 
begins to escalate from Step-3 onwards as effective negative rake angle begins to 
emerge. Subsequent increase in nodal displacement density in Portion vi from Step-
4 to Step-6 is governed by the development of chip curl that leads to great material 
accumulation similar to the case of CAT-I chip formation under +γeff.                         
 
The likelihood of material rotations during plastic deformation has been 
observed in the previous case. Under the present condition of CAT-I chip formation 
with effective negative rake angles, -γeff, it was encountered that the degree of 
material rotations as reflected from the directional change of the nodal displacement 
vectors towards the cutting direction becomes increasingly more aggressive.  
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Figure 8.9. Evolutions of nodal displacement vectors in the PDZ for CAT-I chip formation mechanism with -γeff.  
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Further decreasing a/r from 0.275 to 0.250 activates the CAT-II chip 
formation mechanism. At the a/r threshold value of 0.250, followed by a/r of 0.225 
and 0.200, the CAT-II chip formation mechanism demonstrates a strong sense of 
extrusion-like behavior in the early stages of chip formation and subsequent chip 
growth. Indeed, the extrusion-like behavior becomes more substantial in later stages 
as the relevant intensity appreciates with chip growth as depicted in Figure 8.10 
which resulted in -γeff > γtool. 
 
   
 
Figure 8.10. Illustration of the formations of effective negative rake angles for CAT-II 
extrusion-like chip formation mechanism at a/r of 0.250, 0.225 and 0.200.   
 
  The evolution of the CAT-II extrusion-like mechanism is illustrated in Figure 
8.11. As machining proceeds from the initial material deformation, more material in 
the vicinity of the tool edge radius is extruded as chip. Materials in Portion i are 
severely deformed by the tool edge radius and displaced upwards, along the rounded 
Extrusion-like Chip Formation Mechanism: A Sensitivity and Behavioral Study 
            
 159
edge curvature of the cutting tool. This phenomenon as represented by the high 
density displacement vectors as encountered in all stages of the process.  
 
From Step-1 to Step-2, the trend of upward material displacement is 
transmitted aggressively across the primary deformation zone, to Portion ii and 
Portion v as the chip size is developed ahead of the tool. This is associated with a 
gradual directional change in material displacements during the process and 
eventually achieves a state of absolute vertical displacement in Step-3 after the 
stable tool-chip contact length is reached. In Step-4, chip growth is almost mature 
where the effective negative rake angle and the chip curl are both seen to develop. 
Simultaneously, nodal displacement vectors in the primary deformation zone 
experience extensive directional change which could be approximated to the 
effective negative rake angles. This phenomenon is ongoing, where the directional 
transition of nodal displacement begins from Step-4, then Step-5 and ultimately 
settles in Step-6 in which the effective negative rake angle is eventually resulted.  
 
Despite that, the severity of material deformation intensifies constantly 
through the advancement in each stage as associated with increasing nodal 
displacement density across the primary deformation zone from Step-4 to Step-6. 
The entire primary deformation zone from Portion i to vi would then become highly 
strained as reflected from elongated nodal displacement vectors, as developed 
incrementally throughout the process. Thus, it is inferred that the gradual formation 
of effective negative rake angle during CAT-II extrusion-like chip formation 
mechanism has great influences on the characteristics of material deformation as the 
underlying magnitude and orientation are strictly governed.              
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Figure 8.11. Evolutions of nodal displacement vectors in the PDZ for CAT-II chip formation mechanism with -γeff.  
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The Model of Effective Negative Rake Angle  
 
The formation of effective negative rake angles, -γeff is among the most 
notable and immediate feature as governed by a/r through the resultant tool-chip 
contact length and the severity of plastic deformation. Referring to the model in 
Figure 8.12, tool-work engagement at the predetermined an will take place on spn 
and the chip produced following the initial material deformation will establish a 
stable contact length on epn of the rounded edge curvature and subsequently diverts 
away from the cutting tool on the same point epn in the course of developing a chip 
curl. In other words, an corresponds to spn, epn and subsequently γeffn for n = 1, 2, 3, 
4. A lower value of an/r arising from a smaller undeformed chip thickness, an given 
a fixed tool edge radius, r would establish on a lower epn and subsequently bring 
about an effective rake angle γeffn with a larger negative value, and vice versa. 
 
Through such observations, the three aforementioned a/r cases of 0.250, 
0.225 and 0.200 form -γeff unanimously. The effective negative rake angles are 
approximated to 16°, 18° and 24° at a/r of 0.250, 0.225 and 0.200 respectively. The 
magnitude of -γeff increases with the decrease of a/r in a non-proportional manner is 
mainly influenced by the thermal softening effects following extrusion-like chip 
formation behavior which governs firstly, contact phenomenon, material ductility 
and ultimately affects the average tool-chip contact length, chip curl and the 
magnitude of -γeff. The formation of effective rake angle is an important criterion for 
the extrusion-like mechanism which signifies the drastic change in chip formation 
behavior due to the tool edge radius effect. 
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Figure 8.12. Effective negative rake angle formation in CAT-II extrusion-like mechanism.      
 
 
8.3 Behavioral Analysis: Stress Distributions  
 
Mechanical stresses in FEM are derived from continuum mechanics. In 
accordance with Newton’s Third law of motion (Newton, 1848), the stress σ of a 
deforming entity is the measure of internal reaction force F in the opposite direction, 
of the same magnitude over a finite area, A:     
i ij jF Aσ=                                                                                                                  (8.1)  
where ijσ is the stress tensor; iF are the active components of the force vector 
and jA are the components of the vector normal to the surface area.       
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 According to Cauchy’s Principle of Stress (Warsi, 2006), the stress tensor of 




xx xy xz x xy xz
ij yz yy yz yz y yz
zx zy zz zx zy z
σ σ σ σ σ σ σ τ τ
σ σ σ σ σ σ σ τ σ τ
σ σ σ σ σ σ τ τ σ










                   (8.2) 
where 1(e )T , 2(e )T and 3(e )T are the stress vectors on the planes normal to the three 
primary axes that each could be decomposed as normal components, nσ : xσ , 
yσ , zσ  and shear components, nτ : xyτ , xzτ , yzτ , yzτ , zxτ , zyτ  on the respective planes. 
Such stress system is applicable to machining as illustrated in Figure 8.13. 
Derivations of the principal and deviatoric stress components from this approach are 
provided in Appendix G.         
 
Figure 8.13. Application of Cauchy’s stress system for the description of stress states in the 
primary deformation zone (PDZ) during chip formation in tool-based micromachining.   
 
In tool-based machining, ductile materials fail through external loading when 
Misesσ exceeds the strength of the material. The predefined layer of workpiece will 
first be deformed, associated with various stresses derived from the principal stress. 
Further tool advancement intensifies the deformation until the failure criterion is 
Extrusion-like Chip Formation Mechanism: A Sensitivity and Behavioral Study 
            
 164
reached, the work material will escape as chip and the machined surface is created. 
Nonetheless, the stress states are very sensitive to process parameters in 
micromachining due to the tool edge radius effect. The present discussion is focused 
on the stress characteristics of CAT-II extrusion-like mechanism as compared to 
CAT-I concentrated shear deformation under +γeff  (a/r ≥ 0.400) and -γeff ( 0.300 ≤ a/r 
≥ 0.275).  
 
8.3.1 Principal Stress    
 
 In an orthogonal machining configuration, the horizontal principal 1σ  and 
vertical principal 2σ  stress components are acting in the primary axes, along the 
cutting and thrust directions respectively. The distributions of 1σ  for CAT-II and 
CAT-I chip formation mechanisms are summarized in Figures 8.14 and 8.15.      
 
For CAT-II chip formation mechanism, intense 1σ  is subjected to the 
materials ahead of the rounded edge curvature in early stages. Subsequently, the 
intensity of 1σ  is built up constantly around the chip root region and then distribute 
across the primary deformation zone. Eventually, 1σ  distribution becomes highly 
localized ahead of the tool edge radius over the turning point of chip curvature and 
deepens into the subsurface with a particular thickness.  
 
Nevertheless the characteristics of 1σ  distribution for CAT-I during chip 
growth is different. From the initial localized distributions of 1σ  ahead of the tool 
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edge radius, the state of 1σ  becomes highly concentrated across the chip root region 
and the turning point of chip curvature (primary deformation zone). Some degrees of 
extension into the subsurface below the primary deformation zone are also evident.  
 
 
Figure 8.14. Main characteristics of horizontal principal stress distributions in CAT-II chip 




Figure 8.15. Main characteristics of horizontal principal stress distributions in CAT-I chip 
formation mechanism.    
 
 
The evolutions of horizontal principal stress 1σ  of CAT-I and CAT-II chip 
formation mechanisms are depicted by Figure H.1 (Appendix H).   
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On the other hand, the distributions of 2σ  for CAT-II and CAT-I chip 
formation mechanisms are summarized in Figures 8.16 and 8.17 respectively. At the 
beginning, materials in the vicinity of the rounded tool edge are subjected to severe 
compressive 2σ  for both categories of chip formation mechanisms, in the regions 
ahead of and beneath the tool edge.  
 
For CAT-II,  2σ  is built up continuously beneath the rounded tool edge with 
a significant increase in its intensity. Additionally, another region of compressive 
2σ  is arisen in the bulk workpiece below the turning point of the chip curvature. As 
a result, a region of tensile 2σ  distributions is brought about between the two 
regions of compressive 2σ , in the center of the chip root region. But the 
characteristics of 2σ  distributions between CAT-I and CAT-II differ distinctively as 
the chips grow in size. For CAT-I, the intensity of 2σ  below the tool edge curvature 
decreases successively alongside with the appearance of a weak distribution of 2σ  
below the turning point of the chip curl. More importantly, the distribution of 2σ  
with high intensity was found to evolve and concentrate along the primary 
deformation. Such phenomenon is uniformly encountered for the formations of 
effective positive and negative rake angles of CAT-I. The contour plot of 2σ  in 
Figure 8.19 summarizes such phenomenon for CAT-I. 
 
Figure H.2 in Appendix H illustrates the evolutions of vertical principal 
stress 2σ  for CAT-I and CAT-II chip formation mechanisms. 
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Figure 8.17. Main characteristics of vertical principal stress distributions in CAT-I chip 
formation mechanism.    
 
8.3.2 Hydrostatic Pressure and Shear Stress    
 
External force induced by the cutting tool is decomposable into two mutual 
perpendicular components. The average normal component per unit surface area 
derives the hydrostatic pressure Pσ  that acts on the participating surface elements in 
the normal direction. Similarly, the average shear component per unit surface area 
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defines the shear stress 12τ  that performs parallel to the surface elements. For both 
CAT-I and CAT-II mechanisms, intense Pσ  is first established in the regions adjacent 
to the rounded edge curvature and close to the turning point of chip curl.  
 
Subsequently, such Pσ  is seen to accumulate continuously around the tool 
edge and the region close to the chip curl for CAT-II chip formation, as the chip size 
and contact length increase. The distribution of Pσ  would cover the primary 
deformation zone and the subsurface region. Such expansions in Pσ  distribution 
across these regions are associated with an aggressive increase in its intensity. 
Eventually, the whole region ahead of the tool edge radius is supported by the 
distribution of highly localized Pσ  with great intensity. This phenomenon is 
illustrated in the contour plot of Pσ  for CAT-II in Figure 8.18.  
 
Similar to CAT-II, the distribution of Pσ  in CAT-I are concentrated in front 
of the tool edge radius and the region close to the turning point of the chip curl in 
later stages. But Pσ  do not spread across the primary deformation zone and 
accumulate continuously at the two aforementioned regions as the size of chip 
increases, while the deepening of Pσ  distribution in these regions is visible. The 
expanded deformation zone becomes unsupported by the hydrostatic pressure from 
beneath. Such phenomenon is uniformly encountered in CAT-I chip formation 
mechanism, for both effective positive and negative rake angles as summarized in 
the contour plot of Pσ  in Figure 8.19.         
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Figure H.3 in Appendix H shows the evolutions of hydrostatic pressure Pσ  
distribution for CAT-I and CAT-II chip formation mechanisms. 
 
 
Figure 8.18. Main characteristics of hydrostatic pressure distributions in CAT-II chip 
formation mechanism.    
         
 
Figure 8.19. Main characteristics of hydrostatic pressure distributions in CAT-I chip 
formation mechanism.  
 
 
In addition, the characteristics of shear stress distribution between CAT-II 
and CAT-I chip formation mechanisms are also highly distinguishable as illustrated 
in Figures 8.20 and 8.21 respectively.   
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Figure 8.20. Main characteristics of shear stress distributions in CAT-II chip formation 
mechanism.    
 
 
Figure 8.21. Main characteristics of shear stress distributions in CAT-I chip formation 
mechanism.    
 
For CAT-II, material ahead of the cutting tool is first subjected to severe 
shear deformation in early stages as reflected from the distribution of 12τ  around the 
tool edge radius. In the subsequent stages the region of 12τ  distribution is gradually 
extended into the subsurface beneath the tool edge radius. Associated with tool 
advancement, the intensity of 12τ  increases steadily with the expansion of 12τ  
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distribution region alongside the increase in chip size and contact length. It is 
interesting to note that the expansion of 12τ  region is constantly associated with a 
gradual transition of the inclination of the 12τ  region towards the turning point of the 
chip curl. Eventually the slanted 12τ  region is positioned in the chip root region 
while the reverse of 12τ  is highly localized ahead of the edge radius and across the 
primary deformation zone after the steady-state of the process is achieved.  
 
While CAT-I chip formation mechanism exhibits bulk shear deformation in 
the beginning of chip formation but the characteristic of 12τ  distributions in the 
subsequent stages for CAT-I is different. The distribution of 12τ  evolves gradually 
from the initial localization behavior to a highly concentrated manner as the chip 
size and contact length increase during chip growth. Concentrated shearing is 
originated from the tool edge radius, expanding across the primary deformation zone 
and chip root region and then towards the turning point of the chip curl. Such shear 
deformation phenomenon is illustrated in Figure 8.25. The evolution of shear stress 
distribution, 12τ  for both categories of chip formation mechanisms is depicted by 
Figure H.4 in Appendix H.  
      
8.3.3 In-Plane Principal Stress  
 
The in-plane principal stresses are the measures of maximum '1σ  and 
minimum '2σ  normal stresses on a given solid element also commonly known 
as maxσ and minσ  respectively as illustrated in Figure 8.22.   
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Figure 8.22. Stress conventions. (a) Principal stress; and (b) In-plane principal stress. 
 
Such stress interpretation is perpendicular to the local coordinate system. 
During the derivations of '1σ  and '2σ , the expression of shear stress is excluded from 
the stress states (Marsden and Hughes, 1994). The in-plane principal stresses are 
useful to evaluate local tension-compression conditions which distinguish the 
characteristics of different chip formation mechanisms.    
 
 Figure 8.23 depicts the vector plot of principal stresses for steady-state CAT-
II chip formation mechanism. Important portions of the deformation zone are 
highlighted separately for clarity. Firstly, the deformed materials adjacent to the 
contact interface (E) are subjected to intense compression due to the tool edge radius 
effect. It was noticeable that severe compressive '2σ  is induced by the rounded edge 
curvature of the tool. The compressive action associated with the tool advancement 
motion will tend to squeeze the neighboring materials, resulted in piling up of the 
deformed materials and thus yielding severe compressive '1σ  in this region.  
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Secondly, the characteristics of extrusion-like behavior emerge in the lower 
portion of the primary deformation zone (D). This is reflected from the tensile '1σ  
towards the direction of chip extrusion. Each of these tensile '1σ  component is 
coupled with intense compressive '2σ  components. Such characteristics of tensile '1σ  
and compressive '2σ  distributions are maintained up to the upper portion of the 
primary deformation zone (F) and then away from the deformation zone, in the 
structure of the chip formed (G). Besides that, compressive '1σ  and '2σ  are 
constantly operating on the turning point of the chip curvature (B) as well as the 
region beneath the chip curvature (C). This could be related to the inclination of the 
chip formed under the influence of the effective negative rake angle that generates a 
‘folding’ effect that compresses on the two aforementioned regions.   
 
The evaluation of in-plane principal stress distributions through vector 
analysis yield primarily qualitative insights of the deformation behavior. The tensile-
compressive behavior over the respective deformation zones is now determined. It is 
the first step to assess the complicated deformation phenomenon of CAT-II chip 
formation mechanism because the degree of '1σ  and '2σ  is presented in a relative 
manner. With the preliminary knowledge of the tensile and compressive behavior, 
the understanding of '1σ  and '2σ  distributions could now be advanced through the 
analysis of contour plots.  
 
Figures 8.24 and 8.25 depict the steady states of in-plane principal stresses, 
'
1σ  and '2σ  respectively for CAT-II in the form of stress contours.  
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Figure 8.23. Vector distributions of maximum and minimum in-plane principal stress in CAT-II chip formation mechanism.  
Extrusion-like Chip Formation Mechanism: A Sensitivity and Behavioral Study 




Figure 8.24. Main characteristics of maximum in-plane principal stress distributions in 
CAT-II chip formation mechanism.    
 
 
Figure 8.25. Main characteristics of minimum in-plane principal stress distributions in 
CAT-II chip formation mechanism.    
 
Firstly, severe compressive '2σ  distribution is encountered in front of the tool 
edge radius. The severity of '2σ  is reflected from its deep penetration into the 
surrounding subsurface layers beneath the edge. Following that, deformed materials 
correspond to such intense compressive action with the yielding of great 
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compressive '1σ  distributions adjacent to the edge. With the formations of -γeff and 
mature chip curvature, both in-plane principal stress components '1σ  and '2σ  around 
the region of chip curvature is highly compressive.  
 
Moreover, the compressive '2σ  originating from the rounded edge curvature 
persists and transmits across the entire deformed region and results in a highly 
localized compressive stress state throughout the primary deformation zone and the 
chip root region. Materials in the centre of the deformation zone are being 
compressed from the side of the cutting tool and the corresponding compressive 
reaction from the other side of the chip free boundary would then lead to a state of 
tensile '1σ  towards the direction of chip growth.       
 
 Figure 8.26 illustrates the vector plot of principal stresses for steady-state 
CAT-I chip formation mechanism. Similar to CAT-II, materials in the neighboring 
region with the rounded edge curvature (E) is subjected to considerable compressive 
components of '1σ  and '2σ . The compressive action of '2σ  is transmitted steadily to 
the lower portion of the primary deformation zone (D) where the materials involved 
is exposed to tensile deformation by '1σ . While the compressive action of '2σ  
persists to the upper portion of the primary deformation (F), '1σ  undergoes a gradual 
transition from tensile to compressive in (F) which is somewhat different from that 
of CAT-II. Despite that, compressive '1σ  and '2σ  are also encountered at the chip 
curvature (B) and the region beneath it (C) but the magnitude of '2σ  is relatively 
much greater than '1σ  unlike that of CAT-II.                                    
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The stress contour plots of '1σ  and '2σ  for steady-state CAT-I chip formation 
mechanism are illustrated in Figures 8.27 and 8.28 that correspond to that of the 
vector plot in Figure 8.26. Similar to CAT-II, the distribution of intense '2σ  ahead of 
the tool edge radius and deep inside the subsurface beneath the tool edge radius is 
also evident for CAT-I. But the intense compressive action is found to concentrate 
around the tool edge radius unlike that of CAT-II which is perceived to transmit 
across the deformation regions.  
 
Although the primary deformation zone and the chip root region are still 
subjected to compressive '2σ but the intensity is significantly lower than that adjacent 
to the tool edge radius. Such differences in compression between CAT-I and CAT-II 
are believed to be related to the expansion of primary deformation zone in CAT-I 
where the high intensity of compressive '2σ  could not be maintained throughout the 
entire deformation zone. This brings about a relatively smaller region of 
compressive '1σ  distributions around the tool edge radius with respect to the entire 
deformation zone than that of CAT-II. In addition, a transition in '1σ  states from 
tensile to compressive was found across the primary deformation, from its lower part 
which covers the chip root region to its upper portion. This remains as the most 
contrasting behavior between CAT-I and CAT-II. However, the regions subjected to 
compressive '1σ  and '2σ  close to the chip curvature are similar.  
 
Extrusion-like Chip Formation Mechanism: A Sensitivity and Behavioral Study 
            
 178
  
Figure 8.26. Vector distributions of maximum and minimum in-plane principal stress in CAT-I chip formation mechanism.  
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Figure 8.27. Main characteristics of maximum in-plane principal stress distributions in CAT-I 
chip formation mechanism.    
 
 
Figure 8.28. Main characteristics of minimum in-plane principal stress distributions in CAT-I 
chip formation mechanism.    
 
 
8.4 Discussions   
 
Tool edge sharpness of commercially available carbide tools is ranging from a 
few microns to several tenths of microns while the operating undeformed chip 
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thicknesses in micromachining are also within that range. The mechanics of chip 
formation is therefore governed by the tool edge radius effect under such conditions.   
 
Chapter 6 was focused in exploring the transitional behavior of chip formation. At 
a/r > 1.0, micromachining exhibits similar characteristics of conventional machining. But 
a unidirectional shift in plastic deformation behavior is encountered at decreasing a/r < 
1.0 which indicates gradual mechanism transformations. Further below the a/r threshold, 
a drastic shift of mechanism takes place from concentrated shear deformation (CAT-I) to 
a mechanism which exhibits a strong sense of extrusion-like behavior (CAT-II).  
 
 With the mesh-refined ALE-FE model, it was determined from the analysis of 
deformation vectors that the CAT-II mechanism was initiated at the threshold a/r ≤ 0.250 
alongside -γeff formation. While processes at a/r ≥ 0.275 exhibit the characteristics of 
CAT-I mechanism together with those at a/r ≥ 0.400, associated with +γeff and those at 
0.300 ≤ a/r ≤ 0.275 with -γeff .  
 
 Moreover, the stress states of CAT-II extrusion-like chip formation mechanism 
pertain to a more important aspect that dictate the way a chip is formed and the resulting 
machining quality. From the previous findings, the stress model of CAT-II mechanism is 
schematically summarized in Figure 8.29. This model is derived from the extensive stress 
analysis on principal horizontal and vertical stresses, hydrostatic pressure and shear stress, 
in-plane principal stresses in Section 8.3.  
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Figure 8.29. Illustration of combined stress states during CAT-II extrusion-like mechanism. 
 
8.4.1 The Stress Model  
 
The CAT-II extrusion-like chip formation mechanism requires intense deviatoric 
stress to overcome the yield strength of the material. At the critical a/r of 0.250, a severe 
plastic deformation zone is generated locally ahead of the rounded edge curvature. This 
region is known as the primary deformation zone (PDZ) which represents the most 
severely deformed region involved. The expansion of PDZ is mainly led by the 
translational tool motion which induces intense 1σ  as derived from the cutting force Fc. 
Equivalent stress operates in the subsurface and extends towards the turning point on the 
chip free boundary due to the 2σ  as derived from the thrust force Ft. The shape of the 
PDZ is highly non-linear which differs from that of the concentrated shear deformation.  
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 Moreover, work material in PDZ is subjected to shear deformation where intense 
12τ  is in operation. Shearing is primarily driven by the translational motion of horizontal 
tool advancement. In conjunction with the thrust components, the shear action penetrates 
into the bulk matrix beyond the intended magnitude of material removal, which leads to 
extensive subsurface plastic deformation. Nevertheless, plastic deformation is confined 
within PDZ with its coverage up to the boundary of elastic-plastic deformation. Beyond 
this boundary lies the elastic deformation zone, a region of hydrostatically supported 
work materials where material is unaffected by the shearing action but instead, exposed 
to appreciable compressive action of the tool edge radius and supported by the reactive 
hydrostatic pressure which is virtually free of plastic deformation.           
 
In this regard, imposition of intense compressive stress by the rounded edge 
curvature is important. Primarily, a large surrounding region across the deformation 
zones is strongly supported by Pσ  from within the work matrix. Distributions of the large 
hydrostatically pressured region in the subsurface would establish a boundary of 
constrained deformation. Thus, material deformation will not take place beyond the 
hydrostatically supported region with its boundary of deformation constraint.  
 
Associated with the emergence of a region around chip curvature subjected to a 
different type of repulsive compressive action, a dynamic flow constraint from the side of 
the chip free boundary is generated. With the complete flow constraints on the boundary 
in the opposite direction where the cutting tool is in contact, deformed materials through 
continuous shearing is thus seen to be extruded as chip from the only unconstrained 
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region in front of the upper portion of the tool edge radius, adjacent to the lower portion 
of the rake face and resulted in -γeff when the steady-state is eventually achieved. 
Effective negative rake angle is one of the important criteria of CAT-II extrusion-like 
mechanism but not exclusive because -γeff of similar magnitudes have also been 
encountered for CAT-I mechanism at a/r of 0.275 and 0.300. 
 
8.4.2 Shear Stress Distributions and Le-Chatelier’s Principle  
 
It should be realized that the boundary of elastic-plastic deformation is the 
interface between shear stress distributions of opposite directions. If the CAT-II 
extrusion-like chip formation mechanism is attempted to compare with an extrusion-
forming process, the boundary of elastic-plastic deformation would serve as the die wall 
as pointed out by Shaw (1972). Through its pairing up with the rounded edge curvature, 
the tool-work system could then be uniquely perceived as an ‘imaginary’ die set for 
material extrusion and the product of such material extrusion is chip.  
 
 Figure 8.30 illustrates the evolutions of 12τ  with the boundary of elastic-plastic 
deformation highlighted. In early stages, the boundary of elastic-plastic deformation is 
first established when materials are piled up along the rounded edge curvature. The 
boundary is slanted with respect to shear deformation and the degree of inclination could 
be approximated from the horizontal axis. As more materials are extruded from the 
unconstrained area, a gradual increase in the boundary inclination is encountered, ranging 
from approximately 15° (early stage) to 27° (steady-state) with an average stepwise 
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increment of 1° to 2°. The repositioning of the boundary of elastic-plastic deformation is 
unique in CAT-II extrusion mechanism related to the Le-Chatelier’s principle.             
 
 
Figure 8.30. Redistribution of the elastic-plastic deformation boundary as represented by the 
evolution of shear stress distributions under the governance of the Le-Chatelier’s principle.   
 
 In a generic context, Le-Chatelier’s principle claims “external impact that disturbs 
a system from equilibrium will stimulate processes which tend to mitigate the results of 
this impact” (Atkins, 1993). The Le-Chatelier’s principle is believed to be applicable in 
explaining the extrusion-like behavior of CAT-II chip formation mechanism. In this 
regard, the conditions of material deformation could be treated analytically as a serial of 
discrete states of equilibrium. This is common in machining science judging from the 
numerous pertinent works on cutting force (and stress) derivations from static analyses. 
Similarly, the tool-work system in each numerical increment of the present case is 
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regarded as an independent system of equilibrium. As the system of equilibrium is 
subjected to external loading, the bulk matrix would relieve the load by redistributing the 
boundary of elastic-plastic deformation in each momentary states of equilibrium.  
 
The increase of boundary inclination throughout the course of CAT-II chip 
formation in Figure 8.30 also indicates that the state of external loading varies along the 
process. This could be attributed to the constant materials pile-up around the edge 
curvature which increases the area subjected to external loading which expands shear-
affected zones. Moreover, external loading is built up steadily through each tool 
advancement as reflected from the variations in resultant force vector, until it becomes 
fully developed in the steady-state. Mainly driven by these phenomena, the boundary of 
elastic-plastic deformation is constantly redistributed according to the Le-Chatelier’s 
principle. This concept is more significantly seen from the sudden extensive increment of 
5° in boundary inclination from Step-2 to Step-3, when the process was gaining more 
maturity, as contrasting to the average increment of 1°-2° in other stages. The process 
maturity in Step-3 is reflected from the chip growth ahead of the rounded edge radius 
alongside the emergence of effective negative rake angle. 
 
8.4.3 The Role of Compressive Stress  
 
While intense deviatoric stress is prerequisite for the onset of CAT-II extrusion-
like chip formation, the persistence of such mechanism is highly dependent on the 
compressive stress and hydrostatic pressure in the suppression of micro-void nucleation. 
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During the formation of micro-chips, the maintenance of micro-voids below a 
critical limit would prevent local catastrophic fracture in the chip structure and thus the 
formation of chip through material extrusion could takes place. Such phenomenon is 
significant for ductile materials such as ferritic steel materials as the yield stress is always 
lower than fracture stress, as opposed to brittle materials that are having greater yield 
stress than fracture stress (Shaw, 1995). Thus, chip formation through plastic flow would 
occur before crack nucleation and propagation are activated.  
 
With such realization, it is useful to reexamine the evolution of minimum in-plane 
principal stress '2σ  distribution in Figure 8.31 which indicates the compressive stress 
components minσ  and the hydrostatic pressure. It is observed that intense compressive 
stress is imposed by the rounded edge curvature, which is built up throughout the process 
alongside the reacting hydrostatic pressure within the bulk matrix. Through the 
synchronized compressive actions and hydrostatic supports, the deformation zone is thus 
enveloped within a severely compressed region. The coverage of this compressive region 
expands with the increasing amount of work materials subjected to CAT-II extrusion-like 
chip formation. Additionally, the intensity of the synchronized compressive actions 
amplifies with the constant chip growth ahead of the tool edge radius. Such 
intensification in compressive action stabilizes in Step-6 after the steady-state is reached, 
which is believed to be governed largely by the development of a tool-chip contact length 
and the formation of effective negative rake angles.                       
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Figure 8.31. Impositions of increasingly intense compressive stress around the primary 
deformation zone during chip growth which could suppress micro-void nucleation.   
 
 For a chip being formed under intense compressive stress, one should expect 
minimal counting events of void nucleation in the deformation zone or even a complete 
suppression to an extreme extent. This is in agreement with previous experimental 
findings of Bridgman (1952), Blazynki and Cole (1960), Walker and Shaw (1969), 
Lankford and Cohen (1969), Shaw (1980), Brownrigg et al. (1983), Kao et al. (1990), etc. 
where the influences of compressive stress or hydrostatic pressure in the control of crack 
formation and gross fracture were explicitly described.  
 
Among these reports, the experimental work of Lankford and Cohen (1969) in the 
study of large strain deformation characteristics is of great interest. The authors imposed 
high compressive stress on iron samples through wire drawing by using a group of die 
Extrusion-like Chip Formation Mechanism: A Sensitivity and Behavioral Study 
            
 188
sets with fine progressive variations in die angle of 1.5° and the pre-stressed samples 
were then exposed to tensile deformation. As a result, a remarkably high true strain of up 
to seven without gross fracture was achieved. Similar observations on AISI 1012 steel 
were reported by Blazynki and Cole (1960). In these regards, several aspects in the work 
of Lankford and Cohen (1969) have profound similarities with the characteristics of CAT-
II extrusion-like chip formation in tool-based micromachining.   
 
Firstly, a resembling methodology was used to induce intense compressive stress 
components. Secondly, such intense compressive stress was applied to control 
microvoids nucleation. Thirdly, a highly strained product was extruded with the absence 
of ductile fractures.  
 
To perform and achieve the abovementioned, Lankford and Cohen (1969) used 
physical die sets with fine progressive die angle variations; while a similar progressive 
mechanism is achieved naturally in CAT-II chip formation by redistributing the boundary 
of elastic-plastic deformation through fine, step-wise increases in boundary inclinations. 
Additionally, compression is explicitly imposed on the samples by Lankford and Cohen 
(1969) through wire-drawing; while such intense compressive stress is induced by the 
tool edge radius during CAT-II chip formation mechanism. Moreover, a high true strain 
of seven was obtained by Lankford and Cohen (1969); while a slightly lower level of true 
strain in the chip structure is also achieved in CAT-II chip formation as shown by Figure 
H.5 (Appendix H).  
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8.4.4 Surface Roughness and Extrusion-like Mechanism  
 
As described earlier, chip formation through intense deviatoric and compressive 
stress could yield a homogeneous compressive condition (Shaw, 2003) which prevents 
the development of microcracks. According to Le-Chatelier’s principle, the redistribution 
of the boundary of elastic-plastic deformation against severe plastic deformation during 
CAT-II extrusion-like mechanism is indeed a form of relaxation mechanism. Beygelzimer 
(2005) claimed that deforming polycrystals is relaxed through the emergence of high 
angle boundaries and microvoids, as a complementary mechanism where intensifying the 
former would lead to the subsidence of the latter, and vice versa.  
 
In the context of tool-based micromachining, intensifying high angle boundaries  
yields high plastic straining and continuous chips while the increase of microvoids 
promotes crack formations and fragmented chips, and vice versa. Thus, the realization of 
CAT-II extrusion-like chip formation through severe plastic deformation is only possible 
with the facilitation of superimposed compressive stress in suppressing microvoids 
nucleation while producing highly strained chips. Through such an operation, the 
practical importance of CAT-II mechanism emerges in the control of surface quality.   
 
Figure 8.32 plots the relationships between surface roughness Ra and relative tool 
sharpness a/r of 1.8, 1.4, 1.0, 0.6, 0.2 and 0.05 for different cutting speeds V of (a) 100 
m/min; (b) 250 m/min; and (c) 500 m/min. The respective surface textures obtained 
through white light interferometry are also supplemented.  
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Figure 8.32. Distributions of surface roughness Ra (µm) with the variations of a/r at different 
cutting speeds V of (a) 100 m/min; (b) 250 m/min; and (c) 500 m/min.   
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 The findings indicate constant improvement of machining quality with the 
decreasing a/r from 1.8 to 0.2 where continuous chips are formed. Further decrease of a/r 
from 0.2 to 0.05 deteriorates the surface finish significantly where fragmented chips are 
produced. At a/r > 1.0 (1.8 and 1.4), material removal is carried out through the CAT-I 
mechanism where considerable amount of microcracks are brought forth, akin to that of 
conventional macro machining. With gradual decrease of a/r from 1.0 (1.0 and 0.6), the 
tool edge radius effect arises with increasingly localized deformation ahead of the tool 
edge radius while the degree of concentrated shearing is subsided. The increase in local 
plastic deformation promotes plastic flow while reduces the formation of microcracks 
and improves the surface finishing at the same time.  
 
By reducing a/r to 0.20 beyond the threshold of 0.25 activates CAT-II extrusion-
like chip formation. After the flow criterion is fulfilled, continuous chip is produced 
through material extrusion with the formation of effective negative rake angles. With the 
synchronized actions of compressive stress components imposed by the tool edge radius 
and the reacting supportive hydrostatic pressure within the bulk matrix, chips are 
extruded from the unconstrained opening of the compressive deformation region. As a 
result, machined surfaces with high finishing quality are achieved.  
 
Further reduction of a/r down to an extreme level of 0.05 leads to the production 
of fragmented chips which impairs the finishing quality. Such machining phenomenon is 
commonly related to the plowing action of tool edge radius (Yuan, 1996) where material 
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removal could not be performed effectively at very small undeformed chip thicknesses. 
Nevertheless, the mechanics of material plowing has often been over generalized.  
 
Figure 8.33 illustrates the crucial features of material plowing including (a) nodal 
displacement characteristics; (b) hydrostatic pressure distributions; and (c) shear stress 
distributions. Indeed, it could be seen that chip is formed via the CAT-II mechanism at a/r 
of 0.05. But at such extremely fine a/r, an enormously large -γeff is resulted while the chip 
size and contact length are saturated. Under large -γeff, the chip structure is subjected to a 
high degree of inclination during chip growth and a region of stress concentration is 
generated around the chip curvature as shown in Figure 8.33 (a’).  
 
The region of stress concentration is a favorable site for microvoids nucleation, if 
not immediately arrested will spread to the surrounding region and resulted in the density 
of microvoids in the deformation zone. As the size of microvoids is approximately 
constant under deformation (Beigelzimer et al., 1994), a crack is progressively formed 
around the chip curvature through the coalescence of microvoids in the surrounding 
region. When the density of coalesced microvoids reaches a critical limit of 
approximately 1% in the deformation zone (Cheremskoj et al., 1990), a macrocrack is 
emerged and subsequently extends into the chip structure as driven by the constant severe 
shearing action. Until the chip structure is extensively weakened with increasing amount 
of macrocracks, gross fracture will eventually occur when it could no longer 
accommodate further deformation. Thus, a ‘discontinuous’ chip is produced, perceived as 
prematurely formed compared to its ‘continuous’ counterpart.           
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Figure 8.33. Characteristics of material plowing at low a/r of 0.05 with an enormously large effective negative rake angle. (a) Nodal displacement 
vectors; (b) hydrostatic pressure distribution; and (c) shear stress distribution. 
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Due to the nature of CAT-II extrusion-like mechanism at a/r of 0.05, the 
machined surface involved is somewhat shiny. From a macroscopic view, these 
partially shiny surfaces produced from material plowing are more akin to that of 
lightly scratched surfaces comprised of intermittent traces (Figure H.6 in Appendix 
H). Thus, the combinations of intermittent traces and random crack sites increased 
the surface roughness significantly. An expected result attributed to intermittent 
burnishing of tool edge radius in the repeated cycles of material plowing. 
 
 The magnitudes of surface roughness in Figure 8.32 are summarized in Table 
8.1. The findings indicate the finishing quality for the range of a/r as produced from 
CAT-I concentrated shearing mechanism at high a/r >> 1.0; the transitional CAT-I 
mechanism at moderate a/r ~ 1.0; the CAT-II extrusion-like mechanism beyond the 
threshold a/r < 0.25;  and the material plowing mechanism at low a/r << 0.25.     
 
Table 8.1. Surface roughness at different a/r and cutting speeds (r =10 μm; γ = +10° ).   











1.8 0.99 0.97 0.76 
1.4 0.71 0.66 0.58 
1.0 0.63 0.52 0.39 
0.6 0.40 0.42 0.31 
0.2 0.22 0.20 0.17 
0.05 3.14 2.89 0.92 
  
An attempt to compare the present findings on surface roughness with the 
publication of Metcut Research Associates Inc. in Appendix I shed new lights on the 
present study of tool-based micromachining. At a/r of 0.6 - 1.8, the range of surface 
V 
a/r 
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roughness produced: 0.31 µm ≤ Ra ≤ 0.99 µm is common in conventional turning 
processes as pertained to CAT-I mechanism. Additionally at extreme a/r of 0.05, the 
range of surface roughness produced from material plowing: 0.92 µm ≤ Ra ≤ 3.14 
µm could also be regarded as that of the lower bound of conventional processes.  
 
More importantly at a/r of 0.2, the range of surface roughness: 0.17 µm ≤ Ra 
≤ 0.22 µm produced through CAT-II extrusion-like mechanism matches closely with 
the finishing quality of surface grinding process. Thus, it leads to an important 
consensus that the CAT-II extrusion-like behavior could be a unique branch of 
mechanism in tool-based machining that operates like a grinding process. This can 
only be realized in tool-based micromachining through a critical combination of a 
and r beyond the threshold limit below unity.  
   
 In addition to the findings on surface roughness that posted such crucial 
indications, a valuable piece of grinding result obtained by the late M. E. Merchant 
and later published by Kalpakjian and Schmid (2005) validates our arguments in this 
subject. As shown in Figure 8.34, a grinding chip being produced by a single 
abrasive grain: (A) chip, (B) workpiece, (C) abrasive grain; with a large inscribed 
circle of 0.065 mm in diameter. Contained in this photograph are striking 
resemblances to that of CAT-II extrusion-like mechanism in tool-based 
micromachining: (1) chip shape, (2) effective negative rake angle, and (3) small 
shear angle (inclination of boundary of elastic-plastic deformation).  
 
Closer examination on Figure 8.34 discloses that the grinding chip was being 
produced with an abrasive grain with r of approximately 10 µm at a close to 2 µm. 
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A combination of a/r in surface grinding within the unique operating regime of tool-
based micromachining that yields a similar extrusion-like mechanism. Nevertheless, 
none of such chip formation characteristics were reported by Merchant or 
Kalpakjian. Despite a pure theoretical model proposed by Shaw (1972), the 
extrusion-like chip formation mechanism due to the tool edge radius effect was 
never examined to a greater extent neither in metal cutting nor in grinding, following 
the proposal of the famous shear plane theory by Merchant (1945).           
    
 
Figure 8.34. Grinding chip produced by an abrasive grain (after M.E. Merchant and 
Kalpakjian, 2005) which resembles the characteristics of CAT-II extrusion-like mechanism 
in tool-based micromachining at a similar level of a/r.     
 
 
8.5 Summary   
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In tool-based micromachining, the contact and deformation conditions are 
governed by the a/r, as driven by the tool edge radius effect. At the critical a/r, the 
chip formation mechanism transforms from concentrated-shearing (CAT-I) to one 
that exhibits a strong sense of extrusion-like behavior (CAT-II). The critical a/r 
threshold was determined as 0.25 through a sensitivity analysis.   
 
 Additionally, the behavioral study disclosed that the extrusion-like chip 
formation mechanism is initiated from severe plastic deformation alongside the 
formation of effective negative rake angle. The boundary of elastic-plastic 
deformation is constantly redistributed to accommodate elevating external load 
according to the Le-Chatelier’s principle. Simultaneously, the deformation region is 
contained within active compressive stress components and hydrostatic pressure 
where continuous chips of highly strained are produced and gross ductile fracture in 
the chip structure and deformation region is prevented.     
 
Therefore, surface finish produced from the extrusion-like mechanism is of 
higher quality than that of concentrated shear deformation, approaches the finishing 
quality of a grinding process. But the decrease of a/r to an extreme level deteriorates 
the surface finish due to material plowing as chip flow is diverted by large effective 
negative rake angle which leads to the generation of stress concentration sites 
around the turning point of chip curvature. As a result, fragmented chips are 
produced after gross ductile fracture takes place in the chip structure or deformation 
zone as originated from the stress concentration sites. Surface finish is then impaired 
through such intermittent machining actions.  
 Chapter 9 




  The mechanics of micromachining is governed by the tool edge radius effect. 
Such effect is profoundly observed when the magnitude of undeformed chip 
thickness approaches the size of the tool edge radius in micron scale. Thus, the 
central idea of the tool edge radius effect in micromachining should be based upon 
the size differences between the cutting magnitude and tool edge radius rather than 
the sole emphasize on either one of the parameters separately.  
 
  As the quantified parameter of the tool edge radius effect, the relative tool 
sharpness, a/r emerges as the most influential process parameter in micromachining. 
With the novel application of the ALE-FE method, the effects of tool edge radius on 
the contact phenomenon and plastic deformation behavior have been substantially 
evaluated in this study. Subsequent to the influences on the major physical activities 
where mechanism transformation is then resulted, which affects other practical 
aspects such as force, tool wear mode, surface finishing, etc. Based on the present 
findings, several conclusions have been drawn in this chapter and they are as follows:     
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9.1 Contact Phenomenon 
 
a) Material separation involves seizure of material flow on the stagnation point 
where two different series of frictional shear contact component 
counterbalance with each other.  
 
b) Contact length measures the coverage of three sticking and sliding regions in 
micromachining when the tool edge radius effect is considered, as opposed 
to the two regions in conventional machining when such effect is ignored. A 
contact model for micromachining is proposed.    
 
c) Contact length is advanced in two successive stages, through multiple series 
of intermittency and momentary sticking and sliding events.  
 
d) Contact length evolves with strong linear trends with a/r. Tool rake angle 
determines the general trends while tool edge radius has constant influences 
on the distributions.   
 
e) Tool wear is developed on the rake and clearance faces except the rounded 
edge curvature known as the ‘edge-sharpening’ effect which could be 
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9.2 Chip Formation Behavior 
 
a) The decrease of a/r reduces tool-chip contact length and elevates the degree 
of localized deformation which brings about the shrinkage of secondary 
deformation zone and a larger fraction of primary deformation zone.  
 
b) Below the a/r threshold, chip formation transforms from concentrated 
shearing to an extrusion-like behavior under effective negative rake angle 
where the formation of secondary deformation zone is suppressed.  
 
c) The change in chip formation behavior is transitional, as reflected from the 
characteristics of primary deformation zone in terms of its width (WPDZ), 
thickness (TPDZ) and depth (DPDZ) that correspond to the variations in a/r.  
 
d) Extrusion-like chip formation involves high intensity of plastic deformation 
as indicated by the large deformed chip thickness involved.   
 
 
9.3 Tool Edge Radius Effect  
 
a) The tool edge radius effect on the contact phenomenon and plastic 
deformation are quantitatively reflected from the non-dimensional responses 
of normalized process parameters with the variations in a/r, including the 
contact length Lc/a, deformed chip thickness tc/a and machining force Ft/Fc. 
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b) The tool edge radius effect is subsided by the influences of tool rake angle at 
high a/r above 2.0 while the decrease of a/r below 1.0 promotes an 
aggressive elevation on such effect until mechanism transformation is 
triggered below the critical threshold.  
 
c) Under effective negative rake angle, the magnitudes of Ft/Fc and θR exceed 
1.0 and 45° respectively for the first time at a/r of 0.2 when the thrust-
oriented extrusion-like chip formation mechanism is in operation.            
 
 
9.4 Extrusion-like Chip Formation Mechanism 
 
a) Through the sensitivity analysis, the critical a/r threshold where chip 
formation transforms from one that exhibits the characteristics of 
concentrated-shearing to extrusion-like behavior was determined as 0.25.   
 
b) Effective negative rake angle is an important criterion of the extrusion-like 
chip formation mechanism. A model which describes the formation of 
effective rake angle is proposed.  
 
c) From the behavioral analysis, the couplings of principal stress components 
generate a tensile zone in the chip root region between the two compressive 
zones for the facilitation of upward-extrusion.          
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d) Work material above the boundary of elastic-plastic deformation fails 
through localized severe deformation. The boundary of elastic-plastic 
deformation is redistributed constantly throughout the process as governed 
by the Le-Chatelier’s principle.  
 
e) The combination of intense compressive stress and hydrostatic pressure 
pertain to an important prerequisite for the realization of extrusion-like chip 
formation mechanism.  
 
f) Extrusion-like mechanism yields high surface finishing quality comparable 
to that of precision ground surfaces while crucial characteristics of such 
mechanism resemble to the grinding results of M.E. Merchant.  
 
g) The decrease of a/r to an excessively low level (0.05 attempted in this study) 
leads to severe reduction in the efficiency of material removal which impairs 
the quality of machined surface through material plowing.  
 
 
9.5 Future Work 
 
 Based on the fundamental findings of this study, the following aspects could 
be further explored, expanded and established in the future:  
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The Onset of Material Plowing 
 
  Material plowing is found to exhibit characteristics of extrusion-like 
mechanism at a low a/r of 0.05. But voids will nucleate the turning point of chip curl 
and then propogate across the deformation zone due to the large effective negative 
rake rake. It is thus important to master the critical a/r that leads to the onset of 
material plowing and the magnitude of effective negative rake angle involved.  
 
Testing on Other Work Materials  
 
  To perform an in-depth investigation of the tool edge radius effect, the scope 
of the present study has been limited to medium carbon steel. A potential area of 
future work could be extending the present findings and knowledge to other metallic 
materials suitable for miniature applications such as aluminium alloys, titanium 
alloys, etc. A more generic micromachining model could then be found.   
 
Cutting Tool Optimization 
 
  It has been clarified from this study that the decrease in a/r would improve 
the quality of surface finish. Nevertheless, the increase in localized deformation 
around the tool edge curvature would lead to the concentration of thermal-
mechanical loading on the cutting tip. As a result, the tool life could be adversely 
affected. The cutting tips of the tools for micromachining should thus be 
strengthened. In this regard, innovative tool geometry design associated with 
effective coating materials would be of great interest in the future.  
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Dynamic Characteristics  
 
  The increase in localized deformation due to the decrease in a/r would 
induce greater chatter-vibration. When -γeff is resulted, the chip is only supported by 
the edge curvature unlike under +γeff where the chip is supported by both the tool 
edge curvature and tool rake face. The characteristics of chatter-vibration led by the 




  With the theoreotical and technological progresses derived from this study 
and the several aspects proposed above, the groundwork for a micromachining 
database for idustrial applications should be laid. This database may provide instant 
guide lines for practitioners to apply the correct type of cutting tools for different 
work materials associated with optimized machining parameters, tool life span and 
wear modes, the achievable range of surface roughnesses, the rate of material 
removal, etc. Thus process optimization, production planning and waste-reduction 
management could then be rapidly performed even on the shop-floor level.  
 
Temperature-dependent Frictional and Thermal Properties  
 
  Judging from the discrepancy between the experimental and simulated 
results at very high cutting speed (V = 500 m/min), similar analyses in the future that 
involve high cutting speeds (V > 250 m/min) should apply temperature-dependent 
frictional and thermal properties to ensure the accuracy of the analyses.  
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Deformation States  
 
The measure of deformation is strain, as derived from the basic concept of 
elongation ratio in Eq. (A.1):  
1
0
 ;  0dl
dl
λ λ= ≥                 (A.1) 
λI, λII and λIII are defined as the principal elongations in the three major orthogonal 
axes with the corresponding eigenvectors: NI, NII and NIII. The corresponding unit 
vector nI, nII, nIII along NI, NII and NIII are derived as Eq. (A.2):        
1  ;  , ,n D Ni i
i
i I II IIIλ= ⋅ ⋅ =                                                                                    (A.2) 
 
The sum of principal elongations, also known as left stretch matrix (HKS, 
2003) is written in Eq. (A.3):  
L n n n n n nT T TI I I II II II III III IIIλ λ λ= + +                                                                       (A.3) 
where I n n n n n nT T TI I II II III III= + + is the unit matrix. The resultant strain is a function 
of the left stretch matrix as defined in Eq. (A.4): 
( )L n n n n n nT T TI I I II II II III III IIIfε ε ε ε= = + +                                                           (A.4)   
where ( )I Ifε λ= , ( )II IIfε λ=  and ( )III IIIfε λ=  are the principal mechanical strains 
along the orthogonal directions.      
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 According to Olovsson et al. (1999), such deformation is calculated with 
respect to the positional differences between the material particles and spatial points 
in the previous t and present t+1 state. With the relativity to the reference domain, 





∂= ∂D                                                                                                                  (A.5) 
where X is the material coordinate and xt is the spatial coordinate at t. In the 











∂ ∂ ∂= = ⋅∂ ∂ ∂D                                                                                           (A.6) 










∂= ∂d                                                                                                              (A.7)  
 
During external loading, the deformed materials would yield plastically 
while the remaining materials adjacent to the immediate plastic flow region would 
respond elastically to external loadings, usually of a significantly smaller portion. 
The nature of such deformation in continuum mechanics could be characterized with 
rigid body rotation and principal elongation (strain) in a finite displacement field 
according to the polar decomposition theorem (Zhao, 1987). The general 
relationship is expressed in Eq. (A.8): 
D L R= ⋅                                                                                                                 (A.8)    
where L and R are the elongation and rotation tensors. The elastic deformation 
component could thus be written as Eq. (A.9):     
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D L Rel el elt t t= ⋅                                                                                                          (A.9) 
 
 The behaviour of deformation in metallic materials with sufficient ductility is 
of elastic-plastic nature. Total deformation gradient consists of the plastic and elastic 
components as represented by Eq. (A.10):     
D D Dpl elt t= ⋅                                                                                                           (A.10) 
While the gradients of elastic and plastic deformation velocities as derived as Eqs. 
(A.11) and (A.12) respectively:  
( ) 1el el el −= ⋅S D D                                                                                                    (A.11) 
( ) 1pl pl pl −= ⋅S D D                                                                                                  (A.12)   
Thus, the total gradient of deformation velocity is expressed as Eq. (A.13):   
 ( ) ( ) ( ) 11 11S D D D D D D D Del el el el pl el −− −−= ⋅ = ⋅ + ⋅ ⋅ ⋅                                               (A.13)   
 
Similarly, the resultant material strain rate consists of the plastic and elastic 
components as in Eq. (A.14): 
el plε ε ε= +                  (A.14) 
where elε and plε correspond to the sum of the symmetric parts of the elastic, Yel and 
plastic, Y pl deformation velocities gradient (deformation rate) in Eq. (A.15):  
Y Y Yel pl= +                (A.15) 
where Y S Zel el el= − and Y S Zpl pl pl= − while Zel , Z pl are the antisymmetric parts of 
elastic and plastic deformation respectively. During large deformation of solid 
elements, Y is defined as Eq. (A.16):  




sym ∂⎛ ⎞= ⎜ ⎟∂⎝ ⎠                (A.16) 
where v is the present point velocity on x spatial coordinate. According to Hughes 
and Winget (1980), the strain tensor is calculated through Eq. (A.17):  
a a Y a R RTt t t t+Δ = Δ ⋅Δ + ⋅Δ ⋅Δ              (A.17)      







⎛ ⎞∂ΔΔ = ⎜ ⎟∂⎝ ⎠
              (A.18)   
11 1
2 2
R I Z I Z
−⎛ ⎞ ⎛ ⎞Δ = + Δ ⋅ − Δ⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠             (A.19)   






⎛ ⎞∂ΔΔ = ⎜ ⎟∂⎝ ⎠
                                                                                           (A.20) 




Numerical Stability and Increment 
 
The physical nature of the metal machining is governed by the mechanical 
and thermal responses during chip formation which involves material deformation 
and frictional interaction associated with heat generation and exchanges. Therefore, 
the numerical stability and increment in the explicit thermo-mechanical analyses of 
this study are essentially governed by the responses of thermal and mechanical 
during each discrete numerical increment throughout the analysis.  
 
Thermal and mechanical responses (HKS, 2003) in this context are referred 
to the largest eigenvalue in the equations of thermal solution and the highest 
frequency in the equations of mechanical solution. Thus, the measure of numerical 
stability is reflected from the minimum time increment of the forward-difference 
operators:  
min( , , , )t f l k cρΔ =                                                                                                   (B.1) 
where lmin is the minimum characteristic length of the element, k is the thermal 








Computational Hardware Resources   
  
FE analyses were performed with the computing resources as summarized in 
Table C.1. The hardware consists of a Linux-based cluster with 88 servers connected 
through high-speed and low-latency interconnects. A total number of 80 servers with 
two Xeon quad-core processors (2.66 GHz) and 16 GB memory per node in addition 
to 7 servers with four Xeon quad-core processors (2.40 GHz) and 64 GB memory 
per node were available. Another 4-way quad-core server (2.40 GHz) is equipped 
with 128 GB memory. Therefore, the theoretical computing performance of the 
Linux cluster is 4019.2 GFlops. The FE jobs were submitted to the servers for 
parallel processing through the load sharing facility (LSF) batch queue system. 
Resources were allocated automatically by the LSF by balancing computing 
requirements of the job and the load of the server.    
 












Quad-Core Intel Xeon 
E5430 2.66GHz 
 
2 8 16 GB 
7 
 
Quad-Core Intel Xeon 
E7330 2.40GHz 
 
4 16 64 GB 
1 
 
Quad-Core Intel Xeon 
E7330 2.40GHz 
 
4 16 128 GB 
 






The medium carbon steel workpieces were prepared from solid cylinders, in 
the form and dimension as shown in Figure D.1. The core feature is the thin wall 
structure with a uniform thickness of 0.3 mm of the bulk trench with a diameter of 
90.0 mm. Critical requirements of the workpiece are the straightness and uniformity 
of the thin wall associated with the top and bottom flatness.  
 
 
Figure D.1. Shapes and features of the medium carbon workpiece. 
 
As shown in Figure D.2, solid cylinders as received from the supplier were 
subjected to surface grinding on the top and bottom of the surfaces to ensure surface 
flatness and parallelism. The inner side of the walls were generated through 
conventional boring process while the exterior were created through conventional 
turning process to produce a preliminary thickness of 1.0 mm. Following that, thin 
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wall structures were subjected to a secondary finishing process with precision 
grooving process to produce an accurate feature to eliminate reference plane errors 
from the previous roughing process.  
 
Finally, the machined workpiece was sent for heat treatment: normalizing at 
840°C - 870°C and then slowly cooled in still air to room temperature. The heat 
treatment process was performed to remove residual stress and to increase 
microstructure homogeneity for experimental consistency.  
 
 
Figure D.2. Procedures involved during workpiece preparations. 
 




Experimental Validated Results  
 




















2 15.6 15.7 1.6 0.1 0.64 
4 18.6 21.8 2.1 3.2 17.20 
6 26.2 28.7 2.5 2.5 9.54 
8 29.2 33.6 2.4 4.4 15.07 
10 32.9 35.4 3.5 2.5 7.59 
12 36.7 38.5 2.3 1.8 4.90 
14 42.8 41.1 3.6 1.7 3.97 
16 45.7 48.3 3.5 2.6 5.69 
18 50.2 53.5 3.0 3.3 6.57 
20 54.7 59.7 4.1 5.0 9.14 
 Avg. %|Δ| 8.03 
 




















2 15.6 15.4 2.4 0.2 1.28 
4 19.4 17.0 3.0 2.4 12.37 
6 23.9 22.6 4.4 1.3 5.44 
8 27.0 24.9 3.0 2.1 7.77 
10 30.7 31.7 3.3 1.0 3.26 
12 34.5 36.6 5.0 2.1 6.09 
14 38.2 34.6 3.7 3.6 9.42 
16 42.0 36.9 3.9 5.1 12.14 
18 45.7 47.2 3.4 1.5 3.28 
20 49.5 45.1 4.6 4.4 8.89 
 Avg. %|Δ| 6.99 

























2 15.5 14.7 2.3 0.8 5.16 
4 19.4 16.6 3.0 2.8 14.43 
6 23.2 19.6 3.9 3.6 15.52 
8 26.2 24.1 5.2 2.1 8.02 
10 30.0 33.0 5.4 3.0 10.00 
12 33.0 35.7 3.6 2.7 8.18 
14 36.7 33.3 4.6 3.4 9.26 
16 40.5 34.5 4.7 6.0 14.81 
18 44.2 39.6 5.0 4.6 10.41 
20 48.0 43.9 3.7 4.1 8.54 
 Avg. %|Δ| 10.43 
 





















2 13.53 13.13 0.83 0.40 2.956 
4 13.69 13.39 1.35 0.30 2.191 
6 17.79 16.83 1.43 0.96 5.396 
8 22.46 20.03 1.50 2.43 10.819 
10 26.49 22.13 1.48 4.36 16.459 
12 29.75 26.68 1.90 3.07 10.319 
14 32.90 30.41 1.87 2.49 7.568 
16 37.84 33.90 1.08 3.94 10.412 
18 40.97 38.50 1.66 2.47 6.029 
20 43.28 41.58 1.82 1.70 3.928 































2 12.20 13.52 1.47 1.32 10.820 
4 12.03 11.73 1.32 0.30 2.494 
6 16.07 14.97 3.07 1.10 6.845 
8 20.96 19.95 2.14 1.01 4.819 
10 24.12 22.37 3.83 1.75 7.255 
12 27.63 24.14 2.12 3.49 12.631 
14 31.19 27.53 3.60 3.66 11.735 
16 35.13 32.87 2.87 2.26 6.433 
18 37.95 33.56 4.29 4.39 11.568 
20 39.97 38.81 2.86 1.16 2.902 
 Avg. %|Δ| 7.750 
 





















2 10.64 13.33 1.55 0.25 25.282 
4 11.63 11.13 1.24 0.50 4.299 
6 15.23 13.88 2.61 1.35 8.864 
8 20.43 17.58 3.23 2.85 13.950 
10 23.23 18.70 2.65 4.53 19.501 
12 26.35 24.28 2.10 2.07 7.856 
14 29.06 27.32 2.69 1.74 5.988 
16 34.00 29.89 3.71 4.11 12.088 
18 36.98 33.15 3.48 3.83 10.357 
20 39.89 35.93 4.56 3.96 9.927 
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2 5.34 5.37 0.40 0.03 0.562 
4 7.23 7.10 0.70 0.13 1.798 
6 8.52 8.70 0.75 0.18 2.113 
8 9.30 10.03 1.10 0.73 7.849 
10 10.59 10.32 1.14 0.27 2.550 
12 11.85 12.29 0.83 0.44 3.713 
14 13.24 14.71 1.02 1.47 11.103 
16 14.58 15.94 1.50 1.36 9.328 
18 15.60 17.32 1.57 1.72 11.026 
20 17.09 18.04 0.91 0.95 5.559 
 Avg. %|Δ| 5.560 
 



















2 5.41 5.26 0.65 0.15 2.773 
4 6.43 6.22 0.81 0.21 3.266 
6 7.64 8.10 1.63 0.46 6.021 
8 8.63 9.65 1.08 1.06 12.283 
10 9.84 10.41 1.58 0.57 5.792 
12 10.93 11.74 1.20 0.81 7.411 
14 12.30 14.05 1.73 1.75 14.228 
16 13.57 16.12 1.50 2.55 18.791 
18 14.86 16.26 1.80 1.40 9.421 
20 16.13 17.96 1.48 1.83 11.345 




























2 5.36 5.17 0.66 0.19 3.545 
4 6.12 5.72 0.75 0.40 6.536 
6 7.33 7.69 1.47 0.36 4.911 
8 8.31 7.69 1.48 0.62 7.461 
10 9.25 10.12 1.50 0.87 9.405 
12 10.35 11.34 0.85 0.99 9.565 
14 11.60 12.72 1.40 1.12 9.655 
16 12.88 14.81 1.89 1.93 14.984 
18 14.06 16.82 1.87 2.76 19.630 
20 15.09 17.24 1.97 2.15 14.248 
 Avg. %|Δ| 9.994 
 



















2 5.22 4.77 0.42 0.45 8.621 
4 5.56 4.95 0.48 0.61 10.971 
6 5.93 5.87 0.51 0.06 1.012 
8 5.86 5.96 0.53 0.10 1.706 
10 6.17 5.85 0.82 0.32 5.186 
12 6.46 6.75 0.74 0.29 4.489 
14 7.05 7.50 0.59 0.45 6.383 
16 7.49 8.03 0.64 0.54 7.210 
18 7.87 8.58 0.92 0.71 9.022 
20 8.29 9.36 0.57 1.07 12.907 





























2 6.03 6.65 0.95 0.62 10.282 
4 6.38 5.20 0.81 1.18 18.495 
6 5.41 4.83 1.13 0.58 10.721 
8 5.44 5.95 0.81 0.51 9.375 
10 5.32 6.38 0.94 1.06 19.925 
12 5.83 7.50 0.99 1.67 28.645 
14 6.97 9.07 0.94 2.10 30.129 
16 7.85 9.51 0.91 1.66 21.146 
18 8.17 10.73 0.75 2.56 31.334 
20 8.55 10.77 0.80 2.22 25.965 
 Avg. %|Δ| 20.602 
 



















2 5.95 6.33 0.90 0.38 6.387 
4 6.17 5.06 0.80 1.11 17.990 
6 5.33 4.80 1.07 0.53 9.944 
8 5.46 5.07 1.14 0.39 7.143 
10 5.30 6.42 1.20 1.12 21.132 
12 6.39 7.33 0.70 0.94 14.710 
14 6.48 8.38 1.05 1.90 29.321 
16 7.68 10.45 1.16 2.77 36.068 
18 8.06 10.41 1.08 2.35 29.156 
20 8.51 10.67 0.95 2.16 25.382 









Table F.1. Linear relationships between WPDZ and undeformed chip thickness, a for 
cutting speed, V of 100 m/min, at different tool edge radius, r and tool rake angles, γ.   















WPDZ = 2.80a + 26.21 
R2 = 0.9845 
 
 
WPDZ = 3.66a + 25.36 
R2 = 0.9936 
 
 
WPDZ = 4.74a + 26.06 






WPDZ = 3.16a + 15.07 
R2 = 0.9906 
 
 
WPDZ = 3.97a + 17.65 
R2 = 0.9963 
 
 
WPDZ = 4.75a + 21.35 
R2 = 0.9852 
 
 
Table F.2. Linear relationships between WPDZ and undeformed chip thickness, a for 
cutting speed, V of 250 m/min, at different tool edge radius, r and tool rake angles, γ.   















WPDZ = 2.93a + 25.04 
R2 = 0.9881 
 
 
WPDZ = 3.83a + 24.40 
R2 = 0.9856 
 
 
WPDZ = 4.76a + 25.26 






WPDZ = 3.12a + 15.00 
R2 = 0.9819 
 
 
WPDZ = 3.98a + 16.56 
R2 = 0.9935 
 
 
WPDZ = 4.84a + 19.29 
R2 = 0.9935 
 
  
Table F.3. Linear relationships between WPDZ and undeformed chip thickness, a for 
cutting speed, V of 500 m/min, at different tool edge radius, r and tool rake angles, γ.   















WPDZ = 2.86a + 25.38 
R2 = 0.9925 
 
 
WPDZ = 3.69a + 24.01 
R2 = 0.9925 
 
 
WPDZ = 4.44a + 25.55 






WPDZ = 2.97a + 17.22 
R2 = 0.9743 
 
 
WPDZ = 3.73a + 16.85 
R2 = 0.9928 
 
 
WPDZ = 4.63a + 18.93 
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Table F.4. Linear relationships between TPDZ and undeformed chip thickness, a for 
cutting speed, V of 100 m/min, at different tool edge radius, r and tool rake angles, γ.   















TPDZ = 1.09a + 9.23 
R2 = 0.9515 
 
 
TPDZ = 1.35a + 9.23 
R2 = 0.9833 
 
 
TPDZ = 1.87a + 10.51 






TPDZ = 1.26a + 5.17 
R2 = 0.9809 
 
 
TPDZ = 1.67a + 5.43 
R2 = 0.9909 
 
 
TPDZ = 2.15a + 6.45 
R2 = 0.9686 
 
 
Table F.5. Linear relationships between TPDZ and undeformed chip thickness, a for 
cutting speed, V of 250 m/min, at different tool edge radius, r and tool rake angles, γ.   















TPDZ = 0.97a + 10.38 
R2 = 0.9449 
 
 
TPDZ = 1.21a + 10.29 
R2 = 0.9694 
 
 
TPDZ = 1.73a + 10.35 






TPDZ = 1.27a + 5.02 
R2 = 0.9847 
 
 
TPDZ = 1.53a + 6.11 
R2 = 0.9923 
 
 
TPDZ = 2.10a + 5.86 
R2 = 0.9914 
 
 
Table F.6. Linear relationships between TPDZ and undeformed chip thickness, a for 
cutting speed, V of 500 m/min, at different tool edge radius, r and tool rake angles, γ.   















TPDZ = 0.94a + 10.90 
R2 = 0.9749 
 
 
TPDZ = 1.18a + 10.68 
R2 = 0.9734 
 
 
TPDZ = 1.75a + 9.75 






TPDZ = 1.13a + 6.40 
R2 = 0.9853 
 
 
TPDZ = 1.37a + 6.93 
R2 = 0.9918 
 
 
TPDZ = 2.21a + 4.79 
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Table F.7. Linear relationships between DPDZ and undeformed chip thickness, a for 
cutting speed, V of 100 m/min, at different tool edge radius, r and tool rake angles, γ.   















DPDZ = 0.05a + 5.71 
R2 = 0.7322 
 
 
DPDZ = 0.07a + 6.02 
R2 = 0.5709 
 
 
DPDZ = 0.07a + 6.10 






DPDZ = 0.15a + 3.51 
R2 = 0.9053 
 
 
DPDZ = 0.13a + 3.94 
R2 = 0.9738 
 
 
DPDZ = 0.14a + 4.00 
R2 = 0.9433 
 
  
Table F.8. Linear relationships between DPDZ and undeformed chip thickness, a for 
cutting speed, V of 250 m/min, at different tool edge radius, r and tool rake angles, γ.   















DPDZ = 0.09a + 5.83 
R2 = 0.8017 
 
 
DPDZ = 0.11a + 5.97 
R2 = 0.7961 
 
 
DPDZ = 0.15a + 5.83 






DPDZ = 0.15a + 3.51 
R2 = 0.9874 
 
 
DPDZ = 0.17a + 3.80 
R2 = 0.9583 
 
 
DPDZ = 0.23a + 4.11 
R2 = 0.9395 
 
 
Table F.9. Linear relationships between DPDZ and undeformed chip thickness, a for 
cutting speed, V of 500 m/min, at different tool edge radius, r and tool rake angles, γ.   















DPDZ = 0.14a + 6.55 
R2 = 0.8672 
 
 
DPDZ = 0.18a + 6.43 
R2 = 0.9345 
 
 
DPDZ = 0.22a + 6.41 






DPDZ = 0.15a + 4.20 
R2 = 0.8962 
 
 
DPDZ = 0.21a + 3.99 
R2 = 0.9672 
 
 
DPDZ = 0.30a + 4.09 
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Table F.10. Linear relationships between deformed chip thickness, tc and undeformed chip 
thickness, a for tool edge radius of 10 µm, at different cutting speeds and tool rake angles.  















tc = 1.79a + 8.09 
R2 = 0.9914 
 
 
tc = 1.70a + 7.04 
R2 = 0.9896 
 
 
tc = 1.71a + 5.96 






tc = 3.05a + 3.21 
R2 = 0.9908 
 
 
tc = 2.76a + 3.09 
R2 = 0.9931 
 
 
tc = 2.61a + 3.39 






tc = 4.06a + 2.56 
R2 = 0.9982 
 
 
tc = 3.79a + 1.46 
R2 = 0.9970 
 
 
tc = 3.61a + 1.94 
R2 = 0.9982 
 
  
Table F.11. Linear relationships between deformed chip thickness, tc and undeformed chip 
thickness, a for tool edge radius of 5 µm, at different cutting speeds and tool rake angles.  















tc = 1.86a + 7.34 
R2 = 0.9853 
 
 
tc = 1.73a + 6.52 
R2 = 0.9839 
 
 
tc = 1.76a + 5.28 






tc = 3.11a + 2.91 
R2 = 0.9903 
 
 
tc = 2.79a + 2.95 
R2 = 0.9915 
 
 
tc = 2.58a + 3.49 






tc = 4.41a + 0.81 
R2 = 0.9946 
 
 
tc = 3.86a + 1.08 
R2 = 0.9931 
 
 
tc = 3.49a + 2.81 










Stress Derivations: Principal and Deviatoric 
 
 
 The principal stresses are essentially eigenvalues of the Cauchy stress tensors 











⎡ ⎤⎢ ⎥= ⎢ ⎥⎢ ⎥⎣ ⎦
                                                                                                (E.1)  
where 1σ , 2σ and 3σ are the principal stresses of the three primary axes.  
 
 The principal stress could then be used in the derivation of the deviatoric 
components of the stress tensors by defining three stress invariants: 
1 1 2 3I σ σ σ= + +  
2 1 2 2 3 3 1I σ σ σ σ σ σ= + +                                                                                           (E.2) 
3 1 2 3I σ σ σ=   
where 1I , 2I  and 3I  are the first, second and third stress invariants respectively.     
 
 The stress tensor, ijσ  is made up of two components namely, the deviatoric 
stress tensor, ijs and the mean hydrostatic stress tensor, ijpδ :             
ij ij ijs pσ δ= +  and                                                                                                   (E.3) 
11 22 33
3
p σ σ σ+ +=  
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where p is the mean of the principal stresses.      
 
 The deviatoric stress tensor, ijs could then be obtained through:    
ij ij ijs pσ δ= −                                                                                                           (E.4) 
11 12 13 11 12 13 11 12 13
21 22 23 21 22 23 21 22 23





s s s p p
s s s s p p
s s s p p
σ σ σ σ σ σ
σ σ σ σ σ σ
σ σ σ σ σ σ
−⎡ ⎤ ⎡ ⎤ ⎡ ⎤ ⎡ ⎤⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥= = − = −⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥⎢ ⎥ ⎢ ⎥ ⎢ ⎥ ⎢ ⎥−⎣ ⎦ ⎣ ⎦ ⎣ ⎦ ⎣ ⎦
 
where the principal deviatoric stresses 11s , 22s and 33s  are 1s , 2s  and 3s  respectively.  
     
Similar to the normal stresses, three stress invariants could be defined from 
the deviatoric stress tensor: 
1 1 2 3 0J s s s= + + =  
( ) ( ) ( )2 2 2 22 1 2 2 3 3 1 1 2 2 3 3 1 1 21 16 3J s s s s s s I Iσ σ σ σ σ σ⎡ ⎤= − + + = − + − + − = −⎣ ⎦          (E.5) 
3
3 1 2 3 1 1 2 3
2 1
27 3
J s s s I I I I= = − +  
where 1J , 2J  and 3J  are the first, second and third stress invariants respectively.     
  
 The von Mises stress, Misesσ is the scalar measure of equivalent deviatoric 
stress (Bigelow and Progen, 1999) defined with 2J :  
( ) ( ) ( )2 2 222 1 2 1 2 2 3 3 13 13 3 2Mises J I Iσ σ σ σ σ σ σ⎡ ⎤= = − = − + − + −⎣ ⎦               (E.6) 
Ductile materials such as carbon steel will be failed when Misesσ exceeds the strength 
of the materials, yσ or the maximum allowable distortion energy is overcame. 






Figure H.1. Development of horizontal principal stress for CAT-I and CAT-II chip 
formation mechanisms from the initial stages to the eventual steady-state.     
 






Figure H.2. Development of vertical principal stress for CAT-I and CAT-II chip formation 
mechanisms from the initial stages to the eventual steady-state.     
  





Figure H.3. Development of hydrostatic pressure for CAT-I and CAT-II chip formation 
mechanisms from the initial stages to the eventual steady-state. 
        







Figure H.4. Development of shear stress for CAT-I and CAT-II chip formation mechanisms 
from the initial stages to the eventual steady-state.     
 
 




Figure H.5. Distribution of principal true strains during the steady-state of CAT-II 




Figure H.6. Shiny features on lightly scratched surfaces comparing to that of the 
unscratched surfaces. (Courtesy of Drs. Oliveira and Amlung from INM-gmbh ) 
 








Figure I.1. Surface roughness obtained in various machining process (Metcut, 1980). 
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